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Preface 
 
This thesis is structured as a series of connected papers that have been published, 
submitted, or are in preparation for publication at the time of thesis submission.  These papers 
are listed at the end of this preface and are referred to in the text by their roman numerals.  All 
papers were intended as stand-alone pieces of work.  For this reason, there is some unavoidable 
repetition between chapters, for example in the nature of the background material.   
The formatting and content of this thesis complies with The Australian National 
University’s College of Medicine, Biology and Environment guidelines for ‘Thesis by 
Compilation’.  In line with these guidelines, an Extended Context Statement has been provided 
at the beginning of the thesis.  The Extended Context Statement is not intended to be a complete 
literature review, but rather a framework for understanding the relationships between all aspects 
of the research.  
I performed the majority of the work for the papers that form this thesis.  This included 
developing research questions and experimental designs, data collection and analysis, and 
writing manuscripts.  My supervisors (Don Driscoll, David Hunter and Lee Skerratt) and 
collaborators provided advice on conceptualisation and experimental design and assistance with 
data analysis and manuscript revisions.  The addition of different co-authors to each paper 
reflects contributions from collaborators, which are detailed below.  The author contribution 
statements below have been agreed to in writing by all authors in the respective author lists.  
Other assistance for each paper is acknowledged in the acknowledgments section at the end of 
each paper. 
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Abstract 
 
Globally, amphibians are the most endangered vertebrate taxon, with over one third of 
species at risk of extinction.  A prominent driver of this extinction crisis is the disease 
chytridiomycosis, which is caused by the fungal pathogen Batrachochytrium dendrobatidis 
(Bd).  Bd has been implicated in major amphibian declines in Australia, Europe and the 
Americas.  In this thesis, I investigated; (1) the spatial distribution of Bd and its impacts on 
amphibian species in Australia and Europe, and (2) the impact of Bd on amphibian demography 
in Australia.   
In a sub-alpine amphibian community in south-eastern Australia, I demonstrated that 
the presence of an amphibian reservoir host was strongly associated with increased Bd 
prevalence in a highly susceptible, sympatric amphibian species.  At the landscape level, high 
reservoir host abundance was associated with increased severity of decline in the sympatric 
species, indicating that variation in disease susceptibility caused pathogen-mediated apparent 
competition, leading to extirpation of the susceptible species.   
In a heterogeneous landscape in central Romania, I examined the spatial distribution of 
Bd infection in an ephemeral pond breeding amphibian.  I found that Bd presence was strongly 
associated with proximity to perennial water sources and forest cover.  These results indicated 
that perennial water sources may act as source habitat for Bd, with amphibian movements 
resulting in Bd spill-over into ephemeral ponds.   
In south-eastern Australia, I investigated long-term changes in the distribution of a 
chytridiomycosis-impacted amphibian species.  Using a 37 year dataset, I documented a period 
of decline between the mid-1970s and 1990s, consistent with the spatiotemporal emergence of 
Bd in eastern Australia.  A sustained period of population re-expansion has occurred since the 
1990s, despite high Bd prevalence in recovering populations.   
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In a sub-alpine environment in south-eastern Australia, I investigated how remnant 
populations of a highly susceptible amphibian species are able to persist with Bd.  I showed that 
Bd was associated with high adult mortality between years.  Importantly, I found that adults 
breed before succumbing to chytridiomycosis and Bd prevalence is low in early life-history 
stages.  This allows recruitment to remain sufficiently high to facilitate population persistence.  
I then compared population age structure of long-exposed populations, Bd-naïve populations 
and historical specimens.  I found that diseased populations exhibited severe age structure 
truncation.  Individuals from diseased populations matured earlier in life and at smaller sizes, 
indicating that chytridiomycosis can drive phenotypic shifts in host life-history.  I used 
population simulations to illustrate that this shift is likely to increase population vulnerability to 
stochastic events.  
Many of the insights gained from this research are highly relevant to amphibian 
conservation.  I have combined these insights with a synthesis of the broader literature to 
develop a management framework for amphibians threatened by Bd.  This framework is 
designed to help guide the implementation of intervention strategies to reduce extinction risk in 
chytridiomycosis-threatened species.  Collectively, this thesis constitutes an important 
contribution to global amphibian-Bd research and has important implications both for 
understanding chytridiomycosis impacts and dynamics, and for developing effective 
conservation responses.  
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Extended Context Statement 
 
Introduction 
Amphibians are the most endangered vertebrate class, with one third of all species 
threatened with extinction (Stuart et al. 2004).  While many factors threaten amphibians (Hof et 
al. 2011), uniquely among vertebrates, disease is recognised as a major cause of amphibian 
endangerment (Skerratt et al. 2007).  One disease in particular, chytridiomycosis, is a prominent 
driver of global amphibian declines (Skerratt et al. 2007, Wake and Vredenburg 2008, Fisher et 
al. 2009).  First identified in 1998, chytridiomycosis is caused by infection with the fungal 
pathogen Batrachochytrium dendrobatidis (hereafter Bd) (Berger et al. 1998, Longcore et al. 
1999).  The disease kills individuals by disrupting the cutaneous function of the skin leading to 
cardiac arrest (Voyles et al. 2009).   
Batrachochytrium dendrobatidis infection has been documented in over 500 amphibian 
species (Olson et al. 2013).  There is considerable variation in species susceptibility, with some 
species experiencing rapid mortality following infection, while others are resistant (Fisher et al. 
2009, Gahl et al. 2012).  An accurate assessment of the impact of chytridiomycosis on global 
amphibian diversity is lacking, but estimates indicate that the disease is implicated in the 
apparent extinction of 113 species (Skerratt et al. 2007).  A similar number of additional species 
have experienced major declines in abundance and distribution (Skerratt et al. 2007, Fisher et al. 
2009), and many more declines have likely gone undocumented (Crawford et al. 2010).   
The origin of Bd remains uncertain, although recent evidence indicates that the 
pathogen may have originated from Brazil (Rosenblum et al. 2013, Rodriguez et al. 2014).  To 
date, several endemic lineages and a hypervirulent global pandemic lineage have been identified 
(Farrer et al. 2011, Rosenblum et al. 2013, Lips 2014, Rodriguez et al. 2014).  The spread of the 
global pandemic lineage has been associated with major amphibian declines in Australia, the 
Americas and Europe (Bosch et al. 2001, Lips et al. 2006, Skerratt et al. 2007, Fisher et al. 
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2009, Farrer et al. 2011).  Declines have not been reported in amphibian communities infected 
with endemic lineages (Farrer et al. 2011, Rodriguez et al. 2014).   
The emergence of the global pandemic Bd lineage in naïve amphibian communities has 
been associated with rapid increases in prevalence and infection intensity, followed by mass 
mortality (Lips et al. 2006, Vredenburg et al. 2010).  If a population survives the initial 
chytridiomycosis epidemic, persistence with Bd as an endemic pathogen is possible (Briggs et 
al. 2010, Vredenburg et al. 2010).  However, major declines in abundance and distribution are 
common and many species are now restricted to small, remnant populations (Briggs et al. 2010, 
Puschendorf et al. 2011, Phillott et al. 2013).  The impacts of endemic Bd are variable, with 
some species experiencing high, ongoing mortality, while effects appear negligible in other 
species (Briggs et al. 2010, Pilliod et al. 2010, Tobler et al. 2012, Phillott et al. 2013).  Within 
species, there is also considerable variation in the population-level impact of Bd (Fisher et al. 
2009).  This is due to a range of factors including; unfavourable environmental and climatic 
conditions that limit Bd growth (Puschendorf et al. 2011, Heard et al. 2014), predatory 
microorganisms that consume infectious zoospores (Schmeller et al. 2013) and genetic based 
variation in susceptibility (Tobler and Schmidt 2010, Savage and Zamudio 2011).   
Mitigating the impact of chytridiomycosis on the world’s amphibian biodiversity 
depends on better understanding factors that moderate or amplify Bd impact in amphibian 
populations and how populations of susceptible amphibian species are able to persist with Bd.  
Accordingly, this thesis has two overarching aims; (1) to investigate factors that influence Bd 
distribution and impact in endemically infected amphibian populations, and (2) to examine how 
remnant populations persist despite continued disease pressure.  The first three papers in this 
thesis employ a landscape-scale approach to study the spatial distribution of Bd and variation in 
Bd impact between populations.  Papers four and five investigate Bd dynamics and the 
demographic impacts of Bd within remnant amphibian populations.  The final paper draws on 
this empirical research as well as the broader literature to outline a novel framework to help 
guide the development and implementation of management strategies for chytridiomycosis-
threatened amphibians.   
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Overview of aims and methodologies and summary of outcomes 
Paper I: Reservoir host amplifies chytridiomycosis in an endangered amphibian 
In Paper I, I investigated how reservoir hosts affect Bd prevalence in sympatric 
amphibian species.  The presence of reservoir hosts – species that carry infection, but are rarely 
killed by disease – can increase disease risk in co-occurring species (de Castro and Bolker 
2005).  However, surprisingly, given large variation in species susceptibility to Bd infection, the 
role of reservoir hosts in amplifying Bd in endemically infected amphibian communities has 
received little scientific attention.  I conducted this research in an ephemeral pond breeding 
amphibian community in south-eastern Australia, where amphibian declines have been 
documented since the 1980s (Osborne et al. 1999).  Specifically, I investigated whether the non-
declining species, Crinia signifera (common froglet) is a reservoir host for Bd, and whether the 
presence of C. signifera affects Bd prevalence in the declining species, Pseudophryne pengilleyi 
(northern corroboree frog).  I then used annual population monitoring data and multinomial 
generalised linear modelling to investigate whether there was a relationship between the pattern 
of P. pengilleyi decline and C. signifera abundance.   
I demonstrated for the first time that reservoir hosts can increase Bd prevalence in a 
sympatric, declining amphibian species.  I showed that the majority of C. signifera sampled 
carried intense Bd infections and that Bd prevalence in P. pengilleyi was strongly associated 
with C. signifera presence.  Consistent with disease amplification by C. signifera, I 
demonstrated that P. pengilleyi has been extirpated or declined from areas with high C. 
signifera abundance.  I hypothesised that variation in disease susceptibility between the two 
species results in pathogen-mediated apparent competition, leading to the decline or extirpation 
of P. pengilleyi where it is sympatric with C. signifera.  A key new outcome from this research 
is recognition of the capacity for reservoir hosts to amplify Bd in endemically infected 
amphibian communities.  This finding indicates that when reservoir hosts are present, 
chytridiomycosis-induced declines may continue long after the initial emergence of Bd.   
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Paper II: Landscape context influences chytrid fungus distribution in an endangered European 
amphibian 
In Paper II, I continued research on Bd in ephemeral pond breeding amphibians.  I 
investigated how landscape context influences Bd distribution in an amphibian community 
where reservoir hosts are absent.  I used a landscape ecology approach, focusing on Bd 
occurrence in Bombina variegata (yellow bellied toad) in a heterogeneous landscape in central 
Romania.  While ephemeral ponds are generally thought to provide low quality habitat for Bd 
due to their frequent desiccation, some amphibian species that use ephemeral ponds, including 
B. variegata, are commonly infected with Bd (Baláž et al. 2013, Riley et al. 2013, Woodhams et 
al. 2014).  As such, I was interested in whether certain environmental factors may increase the 
risk of Bd exposure.  Of particular interest was whether spatial proximity to perennial ponds, 
which may act as source habitat for Bd, affected whether Bd was present in B. variegata in 
ephemeral ponds.  I sampled individuals for Bd infection across the landscape and then used 
generalised linear modelling to investigate relationships between Bd occurrence and landscape 
context.  
I showed that landscape context influences the occurrence of Bd infection in ephemeral 
pond breeding amphibians.  I found that the occurrence of Bd infection in B. variegata was 
strongly related to proximity to perennial water sources and forest cover.  My results indicated 
that perennial water sources may act as source habitat for Bd, with amphibian movements 
between different habitats resulting in Bd spill-over into ephemeral ponds.  This suggests that 
throughout the study landscape, patchy environmental suitability for Bd restricts the pathogen to 
a subset of B. variegata habitat.  This paper increases our understanding of factors that influence 
Bd occurrence in ephemeral pond breeding amphibians and highlights the value of ephemeral 
ponds in open landscapes, as environmental refuges from Bd. 
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Paper III: Decline and re-expansion of an amphibian with high prevalence of chytrid fungus 
In Paper III, I examined the capacity for amphibian populations to re-expand following 
chytridiomycosis-induced declines.  Previous research has documented increases in amphibian 
abundance (Richards and Alford 2005, Newell et al. 2013), however, evidence for population 
recovery at a landscape level following Bd-induced range contractions is largely anecdotal 
(McDonald 2002, McDonald et al. 2005).  I quantified changes over a 37 year period in the 
distribution of Litoria verreauxii verreauxii (whistling tree frog), a species that declined in 
south-eastern Australia in the 1980s (Osborne 1990, 1992).  I used survey data collected in 
1975-1976, 1990/1996 and 2011-2012.  I sampled for Bd infection in recently colonised sites to 
investigate if expansion had occurred in the ongoing presence of Bd, and if Bd was present, to 
determine prevalence and infection intensity.  I was also interested in whether habitat 
characteristics influenced population persistence throughout the cycle of population decline and 
recovery.  I used multinomial generalised linear modelling to assess differences in habitat 
characteristics among sites where L. v. verreauxii was present in 1990/1996 and 2011, sites 
colonised between 1990/1996 and 2011 and sites where the species was absent in both time 
periods.   
I provided the first robust evidence for amphibian recovery at a landscape scale 
following major declines linked to chytridiomycosis.  I found that recovery has occurred despite 
high Bd prevalence.  I showed that sites retaining frogs for the duration of the study were 
associated with high quality habitat.  I concluded that high quality habitat may help ensure 
reliable recruitment, buffering populations against Bd-induced adult mortality.  In the context of 
global chytridiomycosis-induced amphibian declines, evidence for species re-expansion has 
important implications for understanding the long-term impact of Bd and highlights the need to 
protect historically occupied habitat to facilitate recovery in other species.   
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Paper IV: Low impact of chytridiomycosis on frog recruitment enables persistence in refuges 
despite high adult mortality 
Building upon the results from Paper III, in Papers IV and V, I examined 
chytridiomycosis dynamics and host mortality in remnant populations of a closely related sub-
species.  Litoria verreauxii alpina (alpine tree frog) experienced a major range contraction 
associated with the emergence of chytridiomycosis in the 1980s and is now restricted to a small 
number of locations (Osborne et al. 1999, Hunter et al. 2010).  In paper IV, I investigated how 
remnant populations of this highly susceptible species persist despite high Bd prevalence.  I 
used skeletochronology to examine the impact of Bd on adult survival.  I then used generalised 
linear modelling to determine changes in Bd prevalence and infection intensity in adults during 
the breeding season, as well as differences in Bd prevalence between adults, tadpoles and 
recently metamorphosed juveniles.  I also collected information on tadpole thermoregulatory 
behaviour and water temperatures to investigate whether warm water pockets could provide 
refuge for tadpoles from Bd infection.   
I showed that remnant populations of highly susceptible amphibian species can coexist 
with Bd despite near-complete annual adult mortality.  Importantly, I showed that adults 
successfully mate prior to a large increase in disease prevalence that occurs during the breeding 
season.  I documented low Bd prevalence among tadpoles and suggest that exposure to warm 
water could provide a mechanism for avoiding or clearing Bd infection.  I also showed that Bd 
prevalence is relatively low in juveniles prior to dispersal into terrestrial habitat.  I concluded 
that because adults breed before succumbing to chytridiomycosis and Bd impacts are low in 
early life history stages, recruitment potential remains sufficiently high to facilitate population 
persistence.  This paper demonstrates that determining the timing of Bd impact relative to the 
host’s life-cycle, as well as differences in Bd impact between different life-history stages, is 
crucial to understanding how highly susceptible species are able to persist with Bd. 
 
7 
 
Paper V: Chytridiomycosis induced shift in amphibian life-history 
In Paper V, I extended my research on the impacts of chytridiomycosis on the 
demography of L. v. alpina.  I compared adult longevity and age and size at maturity in long 
exposed populations with disease-free populations, and with historical museum specimens 
collected prior to Bd emergence.  While endemic Bd has been linked to reduced adult survival 
(Murray et al. 2009, Phillott et al. 2013), its effect on amphibian life-history traits and 
population age structure has not been quantified.  I used generalised linear mixed modelling to 
investigate whether the Bd status of a population was related to the age of individuals within a 
population.  I then used population simulations to investigate how Bd-induced changes in 
population age structure affect a population’s ability to persist when challenged by 
environmentally-driven variation in recruitment.   
This paper is the first to demonstrate that chytridiomycosis is associated with severe age 
structure truncation and reduced longevity driven by very high rates of annual adult mortality.  I 
showed that endemic Bd is associated with a dramatic shift towards semelparity (death after 
first reproduction), while non-diseased populations are iteroparous (multiple reproductive 
cycles).  Consistent with life-history theory predictions, I found that in diseased populations, 
individuals mature earlier in life and at smaller body sizes.  Population simulations illustrated 
that age structure truncation could increase population vulnerability to stochastic events (i.e. 
failed recruitment), whereas, relatively high annual adult survival in non-diseased populations 
can buffer against variability in recruitment.  As Bd is now endemic in many amphibian 
communities globally, demonstrating the capacity for Bd to drive phenotypic shifts in 
amphibian life-history constitutes a major advance in our understanding of amphibian-Bd 
dynamics.   
 
Paper VI: Interventions for reducing extinction risk in chytridiomycosis-threatened amphibians 
While research on Bd-amphibian dynamics has progressed considerably over the last 
decade, there remains a clear gap in the literature on the application of this knowledge to the 
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management of chytridiomycosis-threatened amphibians.  In Paper VI, I combined insights 
from my empirical research with a review of the literature, to develop a framework to assist the 
implementation of management strategies for amphibian species threatened by 
chytridiomycosis.   
Preventing further declines in Bd-challenged amphibian populations is dependent on 
actively mitigating the threat posed by Bd.  This is the first paper to provide a framework to 
help guide the management of species threatened by chytridiomycosis.  My framework divided 
management actions into two approaches: reducing Bd in the environment or on amphibians, 
and increasing the capacity of populations to persist despite chytridiomycosis-associated 
mortality.  These actions include habitat manipulation, antifungal treatments, animal 
translocation, bioaugmentation, head starting, and selection for resistance.  This paper 
represents a major step forward in combatting the amphibian-chytridiomycosis crisis by 
developing and outlining management actions that can be implemented now, using existing 
knowledge, to help prevent the extinction of chytridiomycosis-threatened species.  
 
Synthesis 
When Batrachochytrium dendrobatidis was first identified as a driver of amphibian 
declines in Australia and Panama in 1998 (Berger et al. 1998), the capacity for a single pathogen 
to cause the severe decline or extinction of hundreds of species was incomprehensible to many 
researchers (Skerratt et al. 2007, Collins and Crump 2009, Daszak 2010).  Since then, laboratory 
studies have provided key insights in understanding how Bd is able to infect and kill a diverse 
range of amphibian hosts (Voyles et al. 2009, Fites et al. 2013).  At the same time, 
chytridiomycosis dynamics in the wild have been intensely studied (Murray et al. 2009, Briggs 
et al. 2010, Muths et al. 2011), and the devastating impact of Bd emergence on naïve 
populations has been documented across multiple continents (Bosch et al. 2001, Lips et al. 
2006, Crawford et al. 2010, Vredenburg et al. 2010).  Bd has now achieved a global distribution 
and is present in most amphibian communities occurring within its predicted biophysical limits 
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(Olson et al. 2013).  In regions where Bd emergence was associated with amphibian declines, 
and the pathogen is now endemic, key research priorities are; evaluating the threat posed by 
ongoing Bd presence to amphibian communities, understanding what drives variation in 
population responses to Bd, and developing effective conservation interventions for species in a 
continued state of decline.  In this thesis I have shown that understanding the effect of ongoing 
Bd presence on amphibian communities, and the drivers of variation in population responses are 
key to developing effective and targeted conservation actions.  
A large component of my thesis has focused on understanding the drivers of variation in 
species and population responses to Bd in eastern Australia.  Amphibian declines in this region 
represent some of the earliest known Bd-induced declines, and therefore provide a unique 
opportunity to study amphibian communities that have been infected with, and persisted under, 
Bd for approximately three decades (Laurance et al. 1996, Berger et al. 1998, Hamer et al. 
2010).  In this region, the initial emergence of Bd had a major impact on amphibians, causing 
both local extinctions and declines (Osborne 1989, 1990, Osborne et al. 1999, Hunter et al. 
2010).  My research has shown that endemic Bd continues to exert a major influence on 
amphibian communities and is now an integral component of the ecology of many amphibian 
species in eastern Australia.  I have shown that Bd has fundamentally altered the realised niches 
of species vulnerable to chytridiomycosis.  For example, prior to Bd emergence, P. pengilleyi, 
was highly abundant in open wetland habitat, however, this habitat type also supported high C. 
signifera abundance.  As a result of disease amplification by C. signifera, P. pengilleyi is now 
almost completely extirpated from these areas and persists only in forested areas unsuitable for 
C. signifera.   
In addition to altering interactions between species, Bd is also fundamentally changing 
species.  I showed that in L. v. alpina, Bd has caused a dramatic shift towards semelparity and 
earlier maturity.  This shift in life-history has major ramifications for where this species can 
persist in the landscape; resulting in its contraction to perennial ponds where recruitment is less 
variable.  A similar life-history shift may have occurred in L. v. verreauxii populations, 
potentially explaining the persistence of this species in areas with high quality habitat; although 
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further research is needed to better understand processes underlying its re-expansion.  
Collectively, my research in eastern Australia has demonstrated that different mechanisms (e.g. 
pathogen-mediated apparent competition and pathogen-mediated life-history shift) underlie 
species' responses to Bd.  It has also highlighted the importance of understanding Bd dynamics 
in the context of the broader ecology of the focal species.   
Another component of my thesis focused on investigating factors associated with Bd 
infection in B. variegata in central Romania.  In contrast to eastern Australia, there is limited 
knowledge on Bd in Eastern Europe.  As such, this research served as an initial investigation, 
focusing on a species identified as susceptible to chytridiomycosis under laboratory conditions.  
Importantly, by studying a second ephemeral pond breeding species, this research provided a 
contrast to my research on P. pengilleyi, where I showed that reservoir hosts drive Bd dynamics.  
In B. variegata, I found that Bd dynamics were strongly influenced by environmental factors, 
such as distance to perennial water.  These results highlight that in two species with broadly 
similar ecologies (i.e. ephemeral pond breeders with an extended period of terrestrial habitat 
use), different environmental and ecological context mean that different mechanisms drive Bd 
dynamics.   
A key priority in undertaking this thesis was to produce information that can be used to 
guide the development of conservation strategies for chytridiomycosis-threatened amphibians.  
Through studying multiple species in different systems, my research has shown that there is 
large variation in Bd dynamics and impact between species.  As such, management strategies 
must be fine-tuned for individual species.  For example, in systems where reservoir hosts are 
present, management strategies need to focus on avoiding or minimising the impact of reservoir 
hosts.  In contrast, when environmental conditions strongly regulate Bd impact, management 
actions need to focus on protecting amphibian habitats that have low suitability for the 
pathogen.  Finally, in Bd-challenged populations with high adult mortality, management actions 
that focus on increasing recruitment, or preventing recruitment failure, may be particularly 
applicable.  It is crucial that management interventions are conducted in an experimental 
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framework and results are rapidly communicated, to help guide and inform conservation actions 
for other species.   
Chytridiomycosis has caused major amphibian declines globally.  Minimising the 
further loss of amphibian biodiversity is dependent on better understanding Bd dynamics in at 
risk populations.  Collectively, the papers in this thesis constitute a valuable contribution 
towards this goal, providing important insights into chytridiomycosis impacts and dynamics, 
and assisting the development of effective conservation responses.   
 
References 
Baláž, V., J. Vörös, P. Civiš, J. Vojar, A. Hettyey, E. Sós, R. Dankovics, R. Jehle, D. G. 
Christiansen, and F. Clare. 2013. Assessing risk and guidance on monitoring of 
Batrachochytrium dendrobatidis in Europe through identification of taxonomic 
selectivity of infection. Conservation Biology 28:213–223. 
Berger, L., R. Speare, P. Daszak, D. E. Green, A. A. Cunningham, C. L. Goggin, R. Slocombe, 
M. A. Ragan, A. D. Hyatt, K. R. McDonald, H. B. Hines, K. R. Lips, G. Marantelli, and 
H. Parkes. 1998. Chytridiomycosis causes amphibian mortality associated with 
population declines in the rain forests of Australia and Central America. Proceedings of 
the National Academy of Sciences of the United States of America 95:9031-9036. 
Bosch, J., I. Martinez-Solano, and M. Garcia-Paris. 2001. Evidence of a chytrid fungus infection 
involved in the decline of the common midwife toad (Alytes obstetricans) in protected 
areas of central Spain. Biological Conservation 97:331-337. 
Briggs, C. J., R. A. Knapp, and V. T. Vredenburg. 2010. Enzootic and epizootic dynamics of the 
chytrid fungal pathogen of amphibians. Proceedings of the National Academy of 
Sciences of the United States of America 107:9695-9700. 
Collins, J. P. and M. L. Crump. 2009. Extinction in Our Times: Global Amphibian Declines. 
Oxford University Press, New York. 
12 
 
Crawford, A. J., K. R. Lips, and E. Bermingham. 2010. Epidemic disease decimates amphibian 
abundance, species diversity, and evolutionary history in the highlands of central 
Panama. Proceedings of the National Academy of Sciences of the United States of 
America 107:13777-13782. 
Daszak, P. 2010. Bats, in black and white. Science 329:634-635. 
de Castro, F. and B. Bolker. 2005. Mechanisms of disease-induced extinction. Ecology Letters 
8:117-126. 
Farrer, R. A., L. A. Weinert, J. Bielby, T. W. J. Garner, F. Balloux, F. Clare, J. Bosch, A. A. 
Cunningham, C. Weldon, L. H. du Preez, L. Anderson, S. L. K. Pond, R. Shahar-Golan, 
D. A. Henk, and M. C. Fisher. 2011. Multiple emergences of genetically diverse 
amphibian-infecting chytrids include a globalized hypervirulent recombinant lineage. 
Proceedings of the National Academy of Sciences of the United States of America 
108:18732-18736. 
Fisher, M. C., T. W. J. Garner, and S. F. Walker. 2009. Global emergence of Batrachochytrium 
dendrobatidis and amphibian chytridiomycosis in space, time, and host. Annual Review 
of Microbiology 63:291-310. 
Fites, J. S., J. P. Ramsey, W. M. Holden, S. P. Collier, D. M. Sutherland, L. K. Reinert, A. S. 
Gayek, T. S. Dermody, T. M. Aune, and K. Oswald-Richter. 2013. The invasive chytrid 
fungus of amphibians paralyzes lymphocyte responses. Science 342:366-369. 
Gahl, M. K., J. E. Longcore, and J. E. Houlahan. 2012. Varying responses of northeastern North 
American amphibians to the chytrid pathogen Batrachochytrium dendrobatidis. 
Conservation Biology 26:135-141. 
Hamer, A. J., S. J. Lane, and M. J. Mahony. 2010. Using probabilistic models to investigate the 
disappearance of a widespread frog-species complex in high-altitude regions of south-
eastern Australia. Animal Conservation 13:275-285. 
Heard, G. W., M. P. Scroggie, N. Clemann, and D. S. L. Ramsey. 2014. Wetland characteristics 
influence disease risk for a threatened amphibian. Ecological Applications 24:650–662. 
Hof, C., M. B. Araujo, W. Jetz, and C. Rahbek. 2011. Additive threats from pathogens, climate 
and land-use change for global amphibian diversity. Nature 480:516-U137. 
13 
 
Hunter, D. A., R. Speare, G. Marantelli, D. Mendez, R. Pietsch, and W. Osborne. 2010. 
Presence of the amphibian chytrid fungus Batrachochytrium dendrobatidis in 
threatened corroboree frog populations in the Australian Alps. Diseases of Aquatic 
Organisms 92:209-216. 
Laurance, W. F., K. R. McDonald, and R. Speare. 1996. Epidemic disease and the catastrophic 
decline of Australian rain forest frogs. Conservation Biology 10:406-413. 
Lips, K. 2014. A tale of two lineages: unexpected, long‐term persistence of the amphibian‐
killing fungus in Brazil. Molecular Ecology 23:747-749. 
Lips, K. R., F. Brem, R. Brenes, J. D. Reeve, R. A. Alford, J. Voyles, C. Carey, L. Livo, A. P. 
Pessier, and J. P. Collins. 2006. Emerging infectious disease and the loss of biodiversity 
in a Neotropical amphibian community. Proceedings of the National Academy of 
Sciences of the United States of America 103:3165-3170. 
Longcore, J. E., A. P. Pessier, and D. K. Nichols. 1999. Batrochochytrium dendrobatidis gen. et 
sp. nov., a chytrid pathogenic to amphibians. Mycologia 91:219-227. 
McDonald, K. R. 2002. Frog futures: Conservation issues and prospects for Queensland. In: 
Nattrass AEO (ed) Frogs in the Community: Proceedings of the Brisbane Symposium 
13–14 February 1999. Queensland Frog Society, Brisbane. 
McDonald, K. R., I. D. Mendez, R. Muller, A. B. Freeman, and R. Speare. 2005. Decline in the 
prevalence of chytridiomycosis in frog populations in North Queensland, Australia. 
Pacific Conservation Biology 11:114-120. 
Murray, K. A., L. F. Skerratt, R. Speare, and H. McCallum. 2009. Impact and dynamics of 
disease in species threatened by the amphibian chytrid fungus, Batrachochytrium 
dendrobatidis. Conservation Biology 23:1242-1252. 
Muths, E., R. D. Scherer, and D. S. Pilliod. 2011. Compensatory effects of recruitment and 
survival when amphibian populations are perturbed by disease. Journal of Applied 
Ecology 48:873-879. 
Newell, D. A., R. L. Goldingay, and L. O. Brooks. 2013. Population recovery following decline 
in an endangered stream-breeding frog (Mixophyes fleayi) from subtropical Australia. 
PLoS ONE 8:e58559. 
14 
 
Olson, D. H., D. M. Aanensen, K. L. Ronnenberg, C. I. Powell, S. F. Walker, J. Bielby, T. W. 
Garner, G. Weaver, and M. C. Fisher. 2013. Mapping the global emergence of 
Batrachochytrium dendrobatidis, the amphibian chytrid fungus. PLoS ONE 8:e56802. 
Osborne, W. 1989. Distribution, relative abundance and conservation status of corroboree frogs, 
Pseudophryne corroboree Moore (Anura : Myobatrachidae). Australian Wildlife 
Research 16:537-547. 
Osborne, W. 1990. Declining frog populations and extinctions in the Canberra region. Bogong 
11:4-7. 
Osborne, W. 1992. Declines and extinctions in populations of frogs in the ACT: A discussion 
paper. Internal Report 92/8. ACT Parks and Conservation Service. Canberra. 
Osborne, W., D. Hunter, and G. Hollis. 1999. Population declines and range contraction in 
Australian alpine frogs. Pages 145-157 in A. Campbell, editor. Declines and 
disappearances of Australian frogs. Environment Australia, Canberra. 
Phillott, A. D., L. F. Grogan, S. D. Cashins, K. R. McDonald, L. Berger, and L. F. Skerratt. 
2013. Chytridiomycosis and seasonal mortality of tropical stream‐associated frogs 15 
years after introduction of Batrachochytrium dendrobatidis. Conservation Biology 
27:1058-1068. 
Pilliod, D. S., E. Muths, R. D. Scherer, P. E. Bartelt, P. S. Corn, B. R. Hossack, B. A. Lambert, 
R. McCaffery, and C. Gaughan. 2010. Effects of amphibian chytrid fungus on 
individual survival probability in wild boreal toads. Conservation Biology 24:1259-
1267. 
Puschendorf, R., C. J. Hoskin, S. D. Cashins, K. McDonald, L. F. Skerratt, J. VanDerWal, and 
R. A. Alford. 2011. Environmental refuge from disease-driven amphibian extinction. 
Conservation Biology 25:956-964. 
Richards, S. J. and R. A. Alford. 2005. Structure and dynamics of a rainforest frog (Litoria 
genimaculata) population in northern Queensland. Australian Journal of Zoology 
53:229-236. 
15 
 
Riley, K., O. F. Berry, and J. D. Roberts. 2013. Do global models predicting environmental 
suitability for the amphibian fungus, Batrachochytrium dendrobatidis, have local value 
to conservation managers? Journal of Applied Ecology 50:713-720. 
Rodriguez, D., C. Becker, N. Pupin, C. Haddad, and K. Zamudio. 2014. Long‐term endemism 
of two highly divergent lineages of the amphibian‐killing fungus in the Atlantic Forest 
of Brazil. Molecular Ecology 23:774-787. 
Rosenblum, E. B., T. Y. James, K. R. Zamudio, T. J. Poorten, D. Ilut, D. Rodriguez, J. M. 
Eastman, K. Richards-Hrdlicka, S. Joneson, and T. S. Jenkinson. 2013. Complex 
history of the amphibian-killing chytrid fungus revealed with genome resequencing 
data. Proceedings of the National Academy of Sciences of the United States of America 
110:9385-9390. 
Savage, A. E. and K. R. Zamudio. 2011. MHC genotypes associate with resistance to a frog-
killing fungus. Proceedings of the National Academy of Sciences of the United States of 
America 108:16705-16710. 
Schmeller, D. S., M. Blooi, A. Martel, T. W. Garner, M. C. Fisher, F. Azemar, F. C. Clare, C. 
Leclerc, L. Jäger, and M. Guevara-Nieto. 2013. Microscopic aquatic predators strongly 
affect infection dynamics of a globally emerged pathogen. Current Biology 24:176-180. 
Skerratt, L. F., L. Berger, R. Speare, S. Cashins, K. R. McDonald, A. D. Phillott, H. B. Hines, 
and N. Kenyon. 2007. Spread of chytridiomycosis has caused the rapid global decline 
and extinction of frogs. EcoHealth 4:125-134. 
Stuart, S. N., J. S. Chanson, N. A. Cox, B. E. Young, A. S. L. Rodrigues, D. L. Fischman, and 
R. W. Waller. 2004. Status and trends of amphibian declines and extinctions worldwide. 
Science 306:1783-1786. 
Tobler, U., A. Borgula, and B. R. Schmidt. 2012. Populations of a susceptible amphibian 
species can grow despite the presence of a pathogenic chytrid fungus. PLoS ONE 
7:e34667. 
Tobler, U. and B. R. Schmidt. 2010. Within- and among-population variation in 
chytridiomycosis-induced mortality in the toad Alytes obstetricans. PLoS ONE 
5:e10927. 
16 
 
Voyles, J., S. Young, L. Berger, C. Campbell, W. F. Voyles, A. Dinudom, D. Cook, R. Webb, 
R. A. Alford, L. F. Skerratt, and R. Speare. 2009. Pathogenesis of chytridiomycosis, a 
cause of catastrophic amphibian declines. Science 326:582-585. 
Vredenburg, V. T., R. A. Knapp, T. S. Tunstall, and C. J. Briggs. 2010. Dynamics of an 
emerging disease drive large-scale amphibian population extinctions. Proceedings of the 
National Academy of Sciences of the United States of America 107:9689-9694. 
Wake, D. B. and V. T. Vredenburg. 2008. Are we in the midst of the sixth mass extinction? A 
view from the world of amphibians. Proceedings of the National Academy of Sciences 
of the United States of America 105:11466-11473. 
Woodhams, D. C., H. Brandt, S. Baumgartner, J. Kielgast, E. Küpfer, U. Tobler, L. R. Davis, B. 
R. Schmidt, C. Bel, S. Hodel, R. Knight, and V. McKenzie. 2014. Interacting symbionts 
and immunity in the amphibian skin mucosome predict disease risk and probiotic 
effectiveness. PLoS ONE 9:e96375. 
  
17 
 
Paper I: Reservoir host amplifies chytridiomycosis 
in an endangered amphibian 
 
Amphibians vary greatly in their susceptibility to Batrachochytrium dendrobatidis (Bd) 
infection, with some species tolerating infection, while others experience rapid mortality.  
Species that tolerate infection may act as reservoir hosts in diseased amphibian communities, 
thereby increasing pathogen pressure in sympatric species.  In this paper, I examine the role of 
reservoir hosts in amplifying Bd prevalence in a declining species, Pseudophryne pengilleyi, 
and how reservoir host abundance influences the severity of population decline.   
 
 
 
 
 
 
 
 
 
 
 
 
 
Scheele, B. C., Hunter, D. A., Skerratt, L. F. & Driscoll, D. A. (2014). Reservoir host amplifies 
chytridiomycosis in an endangered amphibian. Ecology. Under review.  
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Abstract 
Emerging wildlife pathogens are an increasing threat to biodiversity.  One of the most 
serious wildlife diseases is chytridiomycosis, caused by the fungal pathogen, Batrachochytrium 
dendrobatidis (Bd), which has been documented in over 500 amphibian species.  Amphibians 
vary greatly in their susceptibility to Bd, with some species tolerating infection, while others 
experience rapid mortality.  Reservoir hosts – species that carry infection, but are rarely killed 
by disease – can increase extinction risk in highly susceptible, sympatric species, but this risk 
has not been examined in amphibian communities perturbed by chytridiomycosis.  Here, we use 
a combination of long-term population monitoring data, field surveys, disease sampling, and 
statistical modelling to investigate the role of reservoir hosts in chytridiomycosis dynamics and 
species decline.  We show that the non-declining species, Crinia signifera is a reservoir host for 
Bd, with the majority of individuals carrying intense infections.  We find that the presence of C. 
signifera is strongly associated with Bd prevalence in the sympatric, IUCN red-listed species 
Pseudophryne pengilleyi.  Consistent with disease amplification by a reservoir host, we 
demonstrate that P. pengilleyi has declined from areas with high C. signifera abundance.  We 
hypothesize that variation in disease susceptibility between the two species results in pathogen-
mediated apparent competition, leading to the decline or extirpation of P. pengilleyi where it is 
sympatric with C. signifera.  Our results indicate when reservoir hosts are present, population 
declines can continue long after the initial emergence of Bd.  More broadly, our study provides 
compelling field evidence supporting the critical role of pathogen-mediated apparent 
competition in driving species decline in communities perturbed by multi-host pathogens.   
 
Key words: 
Batrachochytrium dendrobatidis, chytrid fungus, frog decline, pathogen-mediated apparent 
competition, reservoir host, wildlife disease 
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Introduction 
Novel pathogens are rapidly emerging as a key threat to wildlife, with recent high 
profile die-offs in bats, bees and corals (Daszak et al. 2000, Fisher et al. 2012).  Of particular 
concern is the emergence of generalist pathogens that are capable of infecting a large number of 
hosts (Fisher et al. 2012, Streicker et al. 2013).  In contrast to pathogens that primarily infect a 
single-host, which can fade out as host density declines, multi-host pathogens can maintain high 
rates of transmission even as highly susceptible species become rare, potentially driving host 
extinction (de Castro and Bolker 2005).  From a management perspective, there is an urgent 
need to better understand the dynamics of multi-host pathogens in at-risk host populations to 
inform effective interventions (Streicker et al. 2013).   
One of the most devastating wildlife pathogens is Batrachochytrium dendrobatidis 
(hereafter Bd), which causes the disease chytridiomycosis in amphibians (Berger et al. 1998, 
Skerratt et al. 2007).  Bd was first identified in 1998 and has subsequently been implicated in 
the extinction of over 100 amphibian species and the severe decline of approximately another 
100 species (Berger et al. 1998, Lips et al. 2006, Skerratt et al. 2007, Fisher et al. 2009).  Bd is 
now globally distributed and has been documented in 516 of 1240 (42%) species sampled 
(Olson et al. 2013).  Bd represents a major on-going threat to amphibian biodiversity (Skerratt et 
al. 2007, Scheele et al. 2014b).   
The emergence of Bd in naïve amphibian communities has been repeatedly documented 
to cause rapid species declines and population extinctions (Lips et al. 2006, Rachowicz et al. 
2006).  In populations that survive initial chytridiomycosis epidemics, Bd can persist 
endemically (Retallick et al. 2004, Briggs et al. 2010), causing ongoing mortality and 
suppressing population size (Murray et al. 2009).  However, there is uncertainty over whether 
elevated mortality translates into population decline, as high recruitment may off-set adult 
mortality in some species (Muths et al. 2011, Tobler et al. 2012, Phillott et al. 2013).  Given that 
Bd is now endemic throughout large areas of Europe, Australia and the Americas (Fisher et al. 
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2009), investigating the long-term trends of host populations, and mechanisms by which 
populations may either persist or decline, is a priority for amphibian conservation.   
Ecological theory predicts that when a pathogen is endemic in a host community, the 
presence of reservoir hosts – species that carry infection, but are rarely killed by disease – 
increases extinction risk in less resistant, sympatric species (McCallum and Dobson 1995, Gog 
et al. 2002, de Castro and Bolker 2005).  Amphibians vary greatly in their susceptibility to Bd, 
with some species carrying infection without morbidity, whereas other species are highly 
susceptible and infection can result in rapid mortality (Fisher et al. 2009).  Amphibian and non-
amphibian reservoir hosts have been implicated in the spread and persistence of Bd (Retallick et 
al. 2004, Reeder et al. 2012, McMahon et al. 2013).  However, it remains unclear whether 
reservoir hosts increase disease prevalence in endemically infected amphibian communities, 
causing ongoing declines.  Identifying reservoir hosts, and understanding how they influence Bd 
dynamics in co-occurring amphibians is crucial for preventing further chytridiomycosis-induced 
extinctions.   
Here, we investigate for the first time the capacity for a reservoir host to amplify Bd 
prevalence in a sympatric, declining, amphibian species.  We study an amphibian community in 
eastern Australia – a global hotspot for chytridiomycosis-induced declines – where several 
species have experienced severe reductions in abundance and extensive range contractions 
(Osborne 1989, Osborne et al. 1999, Hunter et al. 2010, Scheele et al. 2014a).  Of particular 
concern is the ongoing decline of the iconic corroboree frogs; Pseudophryne corroboree and P. 
pengilleyi, which are listed as critically endangered and endangered respectively (Hunter et al. 
2010, IUCN 2013).  Bd first emerged in corroboree frog populations during the 1980s and the 
pathogen is now endemic throughout the region (Hunter 2007, Hunter et al. 2010, Scheele et al. 
2014a).   
In 2012-2013 field surveys identified previously undocumented P. pengilleyi 
populations in the study region.  Preliminary observations indicated higher P. pengilleyi 
abundance at new sites compared to monitoring sites that have been surveyed since 1998, and 
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an apparent absence of Crinia signifera (common eastern froglet), a non-declining species that 
is abundant at other P. pengilleyi sites.  Based on these observations we hypothesized that C. 
signifera may act as a reservoir host for Bd, increasing pathogen pressure where it is sympatric 
with P. pengilleyi.  We investigate this hypothesis using a combination of long-term population 
monitoring, field surveys, disease sampling, and modelling.  Specifically, we (1) examine 
whether C. signifera is a reservoir host for Bd; (2) investigate whether the presence of this 
reservoir host is associated with increased Bd prevalence in sympatric P. pengilleyi populations; 
and (3) test whether reservoir host abundance is associated with spatial variation in the severity 
of P. pengilleyi declines.   
Through identifying a reservoir host and documenting its impact on chytridiomycosis 
dynamics in an amphibian species of high conservation concern, our study provides important 
new insights into mechanisms through which Bd can perpetuate amphibian declines decades 
after its initial emergence.  Our work also reveals that reservoir host distribution may drive 
patterns of within species variation in disease impact.  This information is crucial for the 
management of species threatened by chytridiomycosis and for guiding surveys to locate 
remnant populations of declining or possibly extinct species.   
 
Materials and Methods 
Study system and species 
Our study was conducted in Kosciuszko, Brindabella and Namadgi National Parks in 
south-eastern Australia (35°34'18'' S, 148°32'27'' E).  The region is undulating to mountainous, 
ranging from 750 to 1850 m above sea level.  The climate is temperate with an average annual 
rainfall of 1,200 mm and snow at higher elevations during winter.  Amphibian breeding sites are 
found in isolated frost hollow grasslands, narrow seepages and open bogs and are associated 
with moist vegetation including sphagnum, wet heath, wet grassland and wet herbfield.  In 
summer, male P. pengilleyi construct burrows in vegetation on the edge of small ephemeral 
ponds in which eggs are laid.  Ponds fill in autumn and tadpoles metamorphose in the spring.   
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Amphibian declines were first observed in the study region in 1984 (Osborne 1989) and 
since then P. pengilleyi and Litoria verreauxii alpina (alpine tree frog) have undergone major 
declines (Osborne et al. 1999, Hunter et al. 2010).  Pre-decline studies indicate that wetland 
habitats generally supported an amphibian community consisting of C. signifera, L. v. alpina 
and P. pengilleyi (Pengilley 1971, 1973, 1992).  These species reproduced in shared ponds, but 
analysis of adult stomach contents indicated little competition for food resources between 
species (Pengilley 1971, 1992).  Litoria v. alpina is now rare and is restricted to a handful of 
waterbodies outside our study region and is not considered further (Osborne et al. 1999).  
Although it is not possible to establish the exact composition of the amphibian community at 
each site prior to Bd infection, it is likely that C. signifera was present at currently occupied 
sites as there have been no reported changes in distribution or population declines for this 
species (Pengilley 1971, 1992, Gillespie et al. 1995, Green and Osborne 2012).  
Although a direct link between early amphibian declines and Bd in the study region has 
not been demonstrated, the emergence of Bd provides the most plausible explanation (Hunter 
2007, Hunter et al. 2010).  Sampling museum P. corroboree and P. pengilleyi specimens, 
Hunter et al. (2010) found that Bd was absent in all specimens collected prior to 1980 but was 
common in specimens collected from declining populations during the 1990s, consistent with 
the hypothesis that Bd is an introduced pathogen in the region.  Chytridiomycosis is a likely 
cause of adult mortality and the spatiotemporal nature of the declines are consistent with the 
spread of chytridiomycosis through-out eastern Australia (Skerratt et al. 2007).  Under 
laboratory conditions P. pengilleyi is highly susceptible to Bd, while mortality from Bd 
infection has not been observed in C. signifera, despite persistent and intense infection (L. 
Berger, James Cook University and G. Marantelli, Amphibian Research Centre, unpublished 
data).  Drought is also likely to have contributed to the decline of some P. pengilleyi 
populations that have also experienced severe chytridiomycosis-induced declines (Scheele et al. 
2012).   
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Amphibian surveys 
Amphibian surveys were undertaken in 2012-2013.  Pseudophryne pengilleyi surveys 
were conducted using the shout-response technique, which involves a person shouting loudly 
into an area of potential breeding habitat, to which males respond with their threat call (Osborne 
1989).  Two people systematically surveyed each site, shouting twice at all possible breeding 
habitat, with an interval of 20 s between each shout, resulting in a consistent sampling effort per 
unit area across all sites.  Osborne (1989) has shown that there is little variation between day to 
day calling activity during the breeding season.  Using repeat surveys of marked nest locations, 
Scheele et al. (2012) demonstrated one survey can detect 91% of individuals identified at a site 
after three surveys and given presence, a single survey has a 0.93 probability of detecting a 
single P. pengilleyi at a site.   
Crinia signifera surveys involved two people systematically walking all areas of 
potential habitat within a site and counting the number of calling C. signifera.  Although this 
survey method underestimates the true abundance of C. signifera, it is sufficient to determine 
the relative abundance of frogs among sites.  All sites were surveyed once and then a random 
selection of sites (n = 38) were resurveyed approximately two weeks later.  We used linear 
regression to compare abundance counts from the two surveys.  Abundance counts were 
consistent between surveys (Coefficient estimate = 1.14, S.E. = 0.01, P = <0.001), and therefore 
counts from the single survey likely reflect actual differences in C. signifera abundance among 
sites.   
 
Batrachochytrium dendrobatidis sampling 
During 2012 we used sterile swabs (Medical Wire & Equipment Co. United Kingdom, 
MW 100–100) to sample 204 adult C. signifera at randomly selected ponds at nine sites, and 
216 adult P. pengilleyi at 16 sites (generally all detected P. pengilleyi at a site were sampled).  
All samples were collected within a one month period for each species to minimise any impact 
of seasonal variation (c.f. Phillott et al. 2013).  Each sample was collected in a standardised way 
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with three strokes on each side of the abdominal midline, the inner thighs, hands and feet.  A 
new pair of disposable powder-free nitrile gloves was used for each sample.  Samples were 
analysed in triplicate using real-time quantitative Polymerase Chain Reaction (PCR) following 
the methodology of Hyatt et al. (2007).  We considered a sample positive if all three wells 
returned a positive reaction.   
 
Spatial pattern of P. pengilleyi decline 
To investigate patterns of P. pengilleyi decline we used data from 57 annual monitoring 
sites, and 18 new sites identified in 2012-2013.  All monitoring sites supported P. pengilleyi 
breeding aggregations when established in 1998.  Annual monitoring data was used to classify 
monitoring sites into two categories based on the severity of P. pengilleyi decline.  The first site 
type was absent (n = 40).  Sites in this category previously supported P. pengilleyi, but the 
species was not detected in 2012-2013, likely reflecting the local extirpation of P. pengilleyi at 
these sites.  Given the decline of P. pengilleyi at these sites and the high detectability of the 
species (Scheele et al. 2012), it is unlikely that P. pengilleyi was present but remained 
undetected.  Ongoing surveys indicate that sites where the species appears to have been 
extirpated have not been recolonised in 2014 (B. Scheele, unpublished data).  The second site 
type was declined (n = 17).  Declined sites have experienced a >80 % decline in P. pengilleyi 
abundance since 2000.  The third site type was new (n = 18), and consisted of sites identified in 
2012-2013 while surveying new areas for the species.  Although the population trajectories of 
new sites are unknown, P. pengilleyi densities are generally much higher than at declined 
monitoring sites, raising the possibility that these sites have not experienced major declines in 
abundance.  New sites are located in the same general region as monitoring sites, indicating 
adequate time for Bd emergence at these sites.   
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Environmental variables  
As Bd prevalence is affected by microclimate, we also collected slope and elevation 
data for each site.  Elevation has previously been linked to Bd prevalence (e.g. McDonald et al. 
2005) and slope was included because steeper sites may have better drainage, potentially 
leading to drier conditions less favourable to Bd.  To investigate if patterns of decline were 
related to site drying rather than disease, we measured the number of Eucalypt tree seedlings 
under 5cm diameter at breast height, which has previously been used as a proxy for site drying 
in our study region (Scheele et al. 2012).   
 
Statistical analysis 
We used multinomial logistic regression to test whether environmental factors or the 
abundance of C. signifera were associated with site type (absent, declined or new).  Prior to 
analysis we ensured that explanatory variables were not correlated.  Abundance of C. signifera 
and slope were natural log +1 transformed because these data were right-skewed.  Tree invasion 
exhibited a bimodal distribution and was converted to binary data with a split at ≥ 1, 
representing presence-absence of tree invasion.  We constructed a set of candidate models 
arising from all combinations of the explanatory variables.  We then used an information-
theoretic model selection process to rank models based on their Akaike’s Information Criterion 
value with a correction for small sample size (AICc) using the R package ‘AICcmodavg’ 
(Mazerolle 2013) and used Wald statistics to determine the relative importance of explanatory 
variables within a model (Zuur et al. 2007). 
We used linear models to test whether Bd prevalence (averaged across individuals 
within each site) in P. pengilleyi was influenced by C. signifera presence-absence or 
environmental variables.  We used the same model selection process described above with C. 
signifera presence-absence, tree invasion, slope and elevation as explanatory variables.  
Pseudophryne pengilleyi was sampled at 16 sites, but only sites with 11 or more samples were 
used in the analysis (at the remaining six sites only one or two samples were collected due to 
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low frog abundance).  We did not compare P. pengilleyi infection intensity data between sites 
because very few infected individuals were detected at sites where C. signifera was absent.  We 
used the same modelling approach and explanatory variables (without C. signifera presence-
absence) to investigate factors influencing Bd prevalence in C. signifera.  All analyses were 
completed in R (R Development Core Team 2014).   
 
Results 
Amphibian surveys 
In 2012-2013, P. pengilleyi was detected at 35 of 75 sites surveyed.  All of the 57 
monitoring sites were classified as absent or declined, reflecting a major decline of P. pengilleyi 
at these sites.  Crinia signifera was detected at 55 sites.   
 
Batrachochytrium dendrobatidis in C. signifera 
Infection prevalence in 204 C. signifera adults sampled at nine sites was 79.4% (CI = 
73-84.6%).  For infected frogs, the mean infection intensity was 8839 (S.E. = 1664.16) zoospore 
equivalents and the median was 1094.  The best supported model demonstrated a negative 
association between Bd prevalence and elevation (T-value = -2.54, P = 0.04, d.f. = 7).  No 
competing models had AICc values within two AICc.   
 
Batrachochytrium dendrobatidis in P. pengilleyi 
Infection prevalence in 216 P. pengilleyi adults sampled at 16 sites was 27.3% (CI = 
21.59-33.85%).  For infected frogs, the mean infection intensity was 1697 (S.E. = 385.52) 
zoospore equivalents and the median was 257.  At sites where C. signifera was not recorded, Bd 
prevalence in P. pengilleyi was 2.6%, compared with 41.4% at sites where C. signifera was 
present (Fig. 1).  The best supported model contained two explanatory variables; C. signifera 
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presence-absence and elevation.  There was a strong positive relationship between Bd 
prevalence and C. signifera presence (T-value = 6.73, P = 0.0002, d.f. = 7) and a weak negative 
relationship with elevation (T-value = -2.54, P = 0.04, d.f. = 7).  There was one model within 
two AICc of the highest ranked model, and this included C. signifera presence-absence only (T-
value = 4.81, P = 0.001, d.f. = 8).   
 
Figure 1.  Bd prevalence in 10 P. pengilleyi sites where C. signifera was either absent or present, showing 
the median, 25th and 75th percentiles and minimum and maximum values. 
 
Spatial pattern of P. pengilleyi decline 
In the multinomial analysis the best ranked model contained two explanatory variables; 
C. signifera abundance and slope.  The probability of a site being classified as either absent or 
declined had a strong positive association with C. signifera abundance, suggesting a density 
dependent relationship (Table 1, Fig. 2).  New sites with relatively high P. pengilleyi abundance 
were associated with few or no C. signifera (Table 1, Fig. 2).  The second ranked model 
contained only C. signifera abundance (declined sites Wald = 3.40, absent sites Wald = 3.49) 
and had an AICc value within two AICc of the highest ranked model.  The model that contained 
only slope was the lowest ranked model, indicating that this relationship was weak.  
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Table 1. Model coefficients (and standard errors) of variables from the best supported model.  New sites 
were used as the baseline in the analysis so coefficients represent differences relative to new sites.   
 
Model terms 
Site type (Intercept) Wald C. signifera 
abundance 
Wald Slope Wald 
Declined -2.04±2.07 -0.98 3.70±1.18 3.12 -0.52±1.36 -0.38 
Absent -3.48±2.01 -1.73 3.97±1.18 3.36 1.15±1.24 0.93 
 
 
Figure 2.  The predicted probability of a site being classified as either absent, declined or new based on C. 
signifera abundance.   
 
Discussion 
For the first time we demonstrate that a reservoir host can amplify Bd prevalence in a 
sympatric, declining amphibian species.  We find that C. signifera is commonly infected with 
heavy Bd burdens, and that Bd prevalence in P. pengilleyi is related to the presence of C. 
signifera.  Based on annual monitoring throughout P. pengilleyi’s range, the species has 
experienced severe declines or is now likely extirpated in areas where C. signifera is abundant.  
This spatial pattern of decline suggests that pathogen-mediated apparent competition is 
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occurring.  Combined, our results indicate that when reservoir hosts are present, endemic Bd 
can drive amphibian species towards extinction, decades after the pathogen’s initial emergence.   
Reservoir hosts can amplify disease pressure through increased disease transmission, 
leading to disease-driven extinctions in highly susceptible, sympatric species (Gog et al. 2002, 
de Castro and Bolker 2005).  McCallum (2005) postulated that reservoir hosts could facilitate 
amphibian declines when; (1) Bd is less pathogenic in reservoir species than in sympatric 
declining species; (2) Bd prevalence is lower in declining species than in reservoir species; and 
(3) reservoir species persist at sites where other species have been extirpated.  Our findings meet 
these criteria; (1) under laboratory conditions infected C. signifera do not experience morbidity 
or mortality, while exposed P. pengilleyi experience mortality (L. Berger, James Cook 
University and G. Marantelli, Amphibian Research Centre, unpublished data); (2) in the wild, 
Bd prevalence and infection intensity is higher in C. signifera (79% and 8839 zse) compared to 
P. pengilleyi (27% and 1697 zse) (despite comparable body sizes); and (3) C. signifera persists 
at sites where P. pengilleyi is now absent or has experienced major declines.  Crinia signifera 
appears to be both a super-abundant and super-infected host (c.f. Streicker et al. 2013) and due 
to its widespread distribution throughout eastern Australia, it is likely a key determinant of 
chytridiomycosis dynamics in several amphibian communities.  In particular, we note that C. 
signifera co-occurs with the critically endangered P. corroboree and Philoria frosti in montane 
and sub-alpine habitats similar to those in our study region.  Populations of both species may be 
at high risk of extinction when sympatric with C. signifera.  More broadly, we expect that 
reservoir hosts play an important role in chytridiomycosis dynamics in amphibian communities 
persisting with endemic Bd globally.   
The higher prevalence of Bd in P. pengilleyi where it is sympatric with C. signifera and 
the spatial pattern of P. pengilleyi decline, suggests that pathogen-mediated apparent 
competition is the mechanism underpinning the continued decline of P. pengilleyi.  Pathogen-
mediated apparent competition, whereby the presence of one species decreases the fitness of 
another through a shared enemy, has been documented in both animals and plants (Holt 1977, 
Bonsall and Hassell 1997), but has not been investigated in the amphibian-Bd system.  
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Consistent with apparent competition, we found that sites where P. pengilleyi appears to have 
been locally extirpated were associated with higher C. signifera abundance; while sites where 
the species has declined, but still persists have lower C. signifera abundance (Fig. 1).  In 
contrast, at new sites, the absence or low abundance of C. signifera means that apparent 
competition is unlikely.  To further investigate the role of apparent competition in P. 
pengilleyi’s decline, manipulative experiments are required to quantify Bd transmission and 
mortality rates and investigate resource competition between the two species.  Differential 
tolerance to drought could explain persistence of C. signifera and not P. pengilleyi in some sites 
(Scheele et al. 2012).  However, a drought explanation is not consistent with high abundance of 
P. pengilleyi at new sites with few C. signifera, or with the strong relationship between P. 
pengilleyi infection rates and C. signifera presence. 
Amphibian species with strong aquatic associations are most vulnerable to 
chytridiomycosis induced-declines, with infrequent infections reported in most terrestrial and 
ephemeral pond breeding species (Lips et al. 2003, Kriger and Hero 2007).  However, our 
results indicate that when a reservoir host is present, Bd prevalence can be high in species with 
weak aquatic associations.  We suggest that in the absence of C. signifera, it is unlikely that Bd 
would be capable of causing substantial declines in P. pengilleyi populations (c.f. de Castro and 
Bolker 2005).  This is congruent with low Bd prevalence at sites where C. signifera was not 
detected (Fig. 1) and the relatively high density of P. pengilleyi at these sites.  
Direct contact between P. pengilleyi and C. signifera provides a plausible mechanism 
for Bd transmission.  While sampling P. pengilleyi we frequently observed C. signifera within 
or close to P. pengilleyi burrows.  We also observed several instances of attempted amplexus 
between individuals of the two species.  These observations are supported by research 
conducted prior to population declines at several sites used in this study that documented a high 
level of interaction between adult P. pengilleyi and C. signifera, including prolonged physical 
contact between the two species in P. pengilleyi burrows (Pengilley 1971, 1973, 1992).  Pitfall 
trapping has demonstrated that both species occupy shared breeding habitat for two months 
annually (Pengilley 1973, 1992).  Furthermore, P. pengilleyi and C. signifera tadpoles inhabit 
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shared ponds, and metamorphs from both species occupy moist vegetation around ponds for 
several months prior to dispersal from breeding habitat.  Bd transmission during the non-
breeding season may be limited as individuals are generally widely dispersed in terrestrial 
habitat (Pengilley 1992).   
We found that Bd prevalence in both C. signifera and P. pengilleyi was negatively 
associated with elevation.  Elevation is known to influence Bd prevalence (e.g. McDonald et al. 
2005), however, we suggest that the negative association between elevation and Bd prevalence 
may be the result of high elevation sites being sampled approximately one month earlier relative 
to the commencement of breeding at these sites.  Infection prevalence is likely to be highest 
towards the end of the breeding season because individuals congregate for breeding and are 
exposed to conditions that promote pathogen transmission (e.g. Kinney et al. 2011).   
Our results have important implications for the management of species threatened by 
Bd.  Globally, a large number of ex situ programs have been initiated for endangered amphibian 
species and releases are planned (Zippel et al. 2011).  Our results strongly indicate that when 
developing reintroduction programs, potential reservoir hosts need to be identified and their 
likely impact on the success of the reintroduction assessed.  In cases where reservoir hosts are 
likely to have a major negative impact, introductions into new areas where reservoir hosts are 
absent is a plausible alternative (Scheele et al. 2014b).   
Chytridiomycosis dynamics can be strongly influenced by environmental conditions 
(Doddington et al. 2013), with areas unfavourable for Bd growth providing important refugia 
for populations of declined amphibians (Puschendorf et al. 2013).  Our findings suggest that the 
distribution of reservoir hosts is also likely to be an important factor associated with the 
occurrence of refugia.  Areas where reservoir hosts are absent or at low abundance may provide 
important habitat where risk of contracting Bd infection is low.  As such, identifying reservoir 
hosts and mapping their distribution could help locate remnant populations of missing 
amphibian species that have not been detected since initial chytridiomycosis epidemics.  
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Likewise, unoccupied refugia may provide highly suitable recipient sites for translocations from 
wild populations (Scheele et al. 2014b).   
In conclusion, we show that the presence of a reservoir host, C. signifera is associated 
with increased disease prevalence in a declining species, P. pengilleyi.  This finding is 
congruent with the pattern of decline that has been observed for this species across its 
distribution – it has experienced severe decline, or is likely extirpated from areas where C. 
signifera is abundant.  We suggest that reservoir hosts may play a previously underappreciated 
role in causing amphibian declines in other regions where Bd is now endemic.  Our results 
highlight an urgent need to assess extinction risk in remnant amphibian populations where 
reservoir hosts are present.  More broadly, our study provides rare field evidence for the role of 
pathogen-mediated apparent competition in influencing disease outcomes in communities 
affected by novel pathogens.   
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Paper II: Landscape context influences chytrid 
fungus distribution in an endangered European 
amphibian 
 
Ephemeral ponds are generally thought to provide low quality habitat for Batrachochytrium 
dendrobatidis (Bd) due to the pathogen’s inability to tolerate desiccation.  In Paper I, I found 
that Pseudophryne pengilleyi experiences high Bd pressure in ephemeral ponds when reservoir 
hosts are present.  Other factors could also increase the risk of Bd infection in amphibians using 
ephemeral ponds, such as spill-over from perennial water sources.  In this paper, I investigate 
spill-over effects by examining how landscape context influences Bd occurrence in the 
ephemeral pond breeding amphibian Bombina variegata.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Scheele, B. C., Driscoll, D. A., Fischer, J., Fletcher A. W., Hanspach, J., Vӧrӧs, J. & Hartel, T. (2014).  
Landscape context influences chytrid fungus distribution in an endangered European amphibian. Animal 
Conservation. Revisions submitted. 
40 
 
Abstract 
Wildlife disease is an emerging threat to biodiversity.  The amphibian chytrid fungus 
Batrachochytrium dendrobatidis (Bd), which causes the disease chytridiomycosis, has been 
documented in over 500 amphibian species globally.  Understanding conditions under which 
amphibians are vulnerable to Bd is important for evaluating species risk and developing 
surveillance strategies.  Here, we investigate the spatial distribution of Bd infection in the 
ephemeral pond breeding amphibian Bombina variegata (yellow bellied toad), a species of high 
conservation concern in the European Union.  We sampled 550 toads from 60 ponds in a 
traditional agricultural landscape in Southern Transylvania, Romania.  Overall, Bd prevalence 
was low in B. variegata, but infected toads were widely dispersed through the landscape and 
were found in a quarter of all sampled ephemeral ponds.  At the pond level, increased Bd 
occurrence was associated with short distances to perennial water sources and high forest cover.  
These findings suggest that perennial water sources may act as source habitat for Bd, with 
amphibian movements resulting in Bd spill-over into ephemeral ponds.  Increased Bd 
occurrence in ponds surrounded by high levels of forest cover is likely related to cooler and 
wetter conditions that are more favourable for Bd.  Throughout the study landscape, patchy 
environmental suitability for Bd appears to restrict the pathogen to a subset of B. variegata 
habitat.  Ephemeral ponds in open landscapes, without nearby perennial habitat, likely provide 
an environmental refuge from Bd, where the risk of infection is low.  From a conservation 
perspective, these findings underline the importance of maintaining ephemeral ponds in open 
landscapes, but these are currently threatened by land-use change. 
 
Key words: 
Bombina variegata, Batrachochytrium dendrobatidis, chytrid fungus, land-use change, wildlife 
disease, yellow bellied toad 
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Introduction 
Emerging infectious diseases are increasingly recognised as a key threat to wildlife 
(Daszak, Cunningham and Hyatt, 2000, Fisher et al., 2012).  However, the threat posed by 
infectious disease can vary spatially across the range of a given host species (Meentemeyer, 
Haas and Václavík, 2012).  Disease prevalence can be high in areas with optimal conditions for 
pathogen growth and survival, while areas with low pathogen suitability can provide important 
refuges (Becker and Zamudio, 2011, Forrest and Schlaepfer, 2011, Puschendorf et al., 2011, 
Savage, Sredl and Zamudio, 2011).  As such, understanding how environmental conditions 
influence pathogen distribution and host exposure is important for evaluating the risk facing 
potentially affected species, and for informing disease surveillance strategies (Meentemeyer et 
al., 2012, Ostfeld, Glass and Keesing, 2005).   
Fungal pathogens have been identified as a major emerging threat to wildlife and have 
been linked to mass declines across a broad range of taxa (Fisher et al., 2012).  One of the most 
prominent examples is the disease chytridiomycosis, which is caused by the amphibian skin 
pathogen Batrachochytrium dendrobatidis (Bd) (Berger et al., 1998, Skerratt et al., 2007).  Bd 
was first identified in 1998 and has subsequently been implicated in the extinction of over 100 
species and the severe decline of another 100 species (Berger et al., 1998, Fisher, Garner and 
Walker, 2009, Skerratt et al., 2007).  The pathogen is now found on all continents where 
amphibians occur and has been documented in 516 of 1240 (42%) species sampled (Olson et 
al., 2013).   
Batrachochytrium dendrobatidis is a water-borne pathogen and is primarily transmitted 
through contact with aquatic zoospores or infected individuals (Fisher et al., 2009).  However, 
Bd is intolerant of desiccation (Johnson et al., 2003) and is not known to persist for extended 
periods saprophytically (Johnson and Speare, 2003).  Reflecting these limitations, amphibians 
with strong aquatic associations are at greatest risk of infection (Lips, Reeve and Witters, 2003, 
Murray et al., 2011b, Skerratt et al., 2010), while direct developing and ephemeral pond 
breeding amphibians are less commonly infected (Kriger and Hero, 2007, Lips et al., 2003, 
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Skerratt et al., 2010).  Despite this, Bd has caused serious declines in some ephemeral pond 
breeding amphibians (Hunter et al., 2010).  Recent research has documented moderate infection 
prevalence in several species that predominantly breed in ephemeral ponds (Baláž et al., 2013, 
Riley, Berry and Roberts, 2013, Woodhams et al., 2014), highlighting the limitation of 
generalizations based on host-habitat associations.   
Investigating environmental conditions under which ephemeral pond breeding species 
are vulnerable to Bd is important for determining the risk facing potentially affected species and 
informing management actions.  A range of factors are known to influence environmental 
suitability for Bd, including water temperature (Forrest and Schlaepfer, 2011, Savage et al., 
2011), salinity (Heard et al., 2014, Scheele et al., 2014b) and predatory microorganisms 
(Schmeller et al., 2013).  However, most existing research has focused on Bd dynamics in 
perennial habitats, such as rivers and lakes.  Similar factors may influence ephemeral pond 
suitability for Bd.  Yet, as the pathogen is likely extirpated when ponds desiccate for extended 
periods, other factors such as spatial proximity to source populations, from which Bd can 
recolonise, may also be important (Ostfeld et al., 2005, Padgett-Flohr and Hopkins, 2010).   
In this paper we investigate the spatial distribution of Bd infection in the ephemeral 
pond breeding amphibian Bombina variegata (yellow bellied toad) in a traditional agricultural 
setting in Southern Transylvania, Romania.  Bombina variegata is an ideal study species 
because it is susceptible to Bd infection (Baláž et al., 2013) and is widespread throughout the 
study landscape (Hartel and von Wehrden, 2013).  Moreover, it is a species of high conservation 
concern in the European Union.  Bd has recently been detected in Romania, however, pathogen 
prevalence, distribution and host impacts are unknown (Vörös et al., 2013).  More broadly, 
despite the presence of susceptible amphibian species and suitable environmental and climatic 
conditions, knowledge on Bd in Eastern Europe is currently very limited (Ohst, Gräser and 
Plötner, 2013, Vörös et al., 2013).   
We hypothesized that the occurrence of Bd infection would be more likely in; (1) B. 
variegata sampled from ephemeral ponds in close proximity to more permanent amphibian 
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breeding areas, which may act as source habitat for Bd (Murray et al., 2011a, Padgett-Flohr and 
Hopkins, 2010); and (2) forested environments, which have cooler, wetter conditions that may 
favour Bd persistence.  To test these hypotheses, we sampled 550 B. variegata from 60 
independent ponds across a heterogeneous landscape and collected information on the 
environmental context of each pond.   
 
Materials and Methods 
Study region and species 
Our study was conducted in Southern Transylvania, Romania (Fig. 1).  The region is 
undulating and land cover is dominated by broadleaf forest (42%), pasture (22%) and arable 
fields (20%).  The region has a temperate climate, experiencing cold winters and mild, humid 
summers with limited spatial variability throughout the region.  The landscape harbours many 
small ephemeral ponds that originate from traditional farming practices and provide habitat for 
amphibians, while fish ponds and small perennial streams occur at low densities throughout the 
landscape (Hartel and von Wehrden, 2013).  Exotic amphibian species that may act as vectors 
for Bd are absent (Vörös et al., 2013).   
Bombina variegata has experienced large declines related to habitat loss in Western 
Europe (Kuzmin et al., 2009) and is protected under European Union Habitats Directive Annex 
II and IV.  However, in many Central and Eastern European countries the species remains 
locally abundant where suitable habitat occurs (Kuzmin et al., 2009).  In the study landscape, B. 
variegata is common and widespread (Hartel, 2008, Hartel and von Wehrden, 2013).  Bombina 
variegata is susceptible to Bd and is commonly infected in Western and Central Europe (Baláž 
et al., 2013, Woodhams et al., 2014).  The frequency of Bd-induced mortality in the wild is 
unknown, but infection intensities are generally low in adults (Spitzen‐van der Sluijs et al., 
2014).  In the laboratory, Bd-infected B. variegata tadpoles can experience substantial (61%) 
mortality after metamorphosis (Woodhams et al., 2014).  Similarly, Bd-induced mortality has 
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been documented in recently metamorphosed, wild collected individuals of the closely related 
species, Bombina pachypus (Stagni et al., 2004), and chytridiomycosis may have contributed to 
this species’ decline (Canestrelli, Zampiglia and Nascetti, 2013).   
 
 
Figure 1. The location of the study region in Central Romania showing the spatial distribution of sampled 
ponds and ponds where Bd-infected B. variegata occurred.   
 
Sampling design 
In May 2013, we sampled 550 B. variegata (adults n = 469, juveniles n = 81) from 60 
ponds (Fig. 1).  At each pond we sampled 10 toads, apart from instances when fewer than 10 
toads were present (n = 16).  In these cases, between seven and nine toads were sampled.  Ponds 
with fewer than seven toads were not sampled.  The original study design was to sample 60 
randomly selected ponds from the database reported in Hartel and von Wehrden (2013).  
However, the spring of 2013 was unusually dry and many potential ponds did not form (Scheele 
et al., 2014a).  As such, to reach the desired sample size, we opportunistically surveyed new 
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areas in addition to resurveying known breeding ponds described by Hartel and von Wehrden 
(2013), sampling toads when encountered.  In total, we sampled 30 ponds in forest and 30 in 
open pastures, and all ponds were separated by distances greater than 500 metres, with the 
exception of two ponds.  
 
Batrachochytrium dendrobatidis testing 
We used sterile swabs (Biolab, 5 mm diameter, n = 466, and Medical Wire and 
Equipment, 3 mm diameter, n = 84) to sample B. variegata for Bd.  All sampling was conducted 
within a one month period to minimise any impact of seasonal variation (c.f. Phillott et al., 
2013).  Each sample was collected in a standardised way with three strokes on each side of the 
abdominal midline, the inner thighs, hands and feet.  A new pair of disposable gloves was used 
for each sample.  Samples were analysed using real-time quantitative Polymerase Chain 
Reaction (PCR) following the methodology of Boyle et al. (2004) and Hyatt et al. (2007).  To 
account for differences in swab size, only the top three millimetres of the Biolab swabs was 
used, while the whole tip of the Medical Wire and Equipment swabs was used.  There was no 
significant difference in Bd prevalence between individuals sampled with the two swab types 
(Fisher’s exact test, P = 0.78).  We recognise that using only a single type of swab would have 
been preferable, but this was not possible due to logistic obstacles.  Notably, we focused on 
presence/absence data in our analyses (see below), and for this reason, we believe using two 
different kinds of swabs is unlikely to have affected our results.  Samples were run in triplicate 
and included an internal positive control (TaqMan Exogenous Internal Positive Control 
Reagents) to detect inhibitors present in the DNA extractions.  Inhibition occurred in one 
sample, which was excluded.  We considered a sample positive if all three wells returned a 
positive reaction.  When a sample returned an equivocal result, it was re-run.  If it again 
returned an equivocal result, it was considered negative.  The templates were run on a Rotor-
Gene 6000 real-time rotary analyser (Corbett Life Science).  Genomic equivalents (GE) were 
estimated from standard curves based on positive controls of 100, 10, 1, 0.1 developed from the 
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Bd isolate IA 2011, from Acherito Lake, Spain.  We considered evidence of infection with ≥ 0.1 
GE.  
 
Environmental variables 
For each pond we recorded the following environmental variables: elevation (well 
known to influence Bd (e.g. McDonald et al., 2005), percentage of woody vegetation cover 
within 300 m and distance to perennial water.  Percentage of woody vegetation was derived 
from a supervised classification of the panchromatic channels of SPOT 5 data (CNES 2007, 
Distribution Spot Image SA) using a support vector machine algorithm (Knorn et al., 2009).  
Woody vegetation cover can influence Bd prevalence (Becker et al., 2012), and a 300 m buffer 
was used to capture environmental context and terrestrial habitat used by B. variegata (Hartel, 
2008).  Distance to perennial water was measured as the Euclidean distance to either fish ponds, 
livestock water troughs or perennial streams – habitats which are commonly occupied by 
amphibians in the study region (Hartel and von Wehrden, 2013).  Distance to perennial water 
was measured because perennial water sources may provide important habitat for Bd (Murray et 
al., 2011a, Murray et al., 2011b, Padgett-Flohr and Hopkins, 2010).   
 
Statistical analysis 
We used logistic regression to investigate whether Bd occurrence was related to 
explanatory variables.  We analysed data at the pond level, classifying ponds as infected or 
uninfected based on the presence-absence of infected B. variegata.  Because infection 
prevalence was higher in juveniles than adults (see Results section), we included the proportion 
of sampled individuals in each pond that were juveniles as a potential explanatory variable.  
This variable exhibited a bimodal distribution and for this reason, was converted to presence-
absence of juveniles.  Prior to analysis we ensured that there was no collinearity between the 
explanatory variables.   
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We constructed a set of 15 candidate models arising from all combinations of four 
explanatory variables (elevation, percentage of woody vegetation cover, distance to perennial 
water and juvenile presence-absence).  Based on the set of candidate models, we used an 
information-theoretic model selection process to rank models based on their Akaike’s 
Information Criterion value with a correction for small sample size (AICc) (Burnham and 
Anderson, 2002) using the package ‘AICcmodavg’ (Mazerolle, 2013).  Models with ΔAICc 
values <2 that contained parameters in the highest ranked model plus one or more additional 
parameters, were not considered because these additional parameters do not explain enough 
variation to justify their inclusion and hence have negligible ecological effect (Arnold, 2010).  
All statistical analyses were implemented in the R environment (R Development Core Team, 
2014).   
 
Results 
Batrachochytrium dendrobatidis in B. variegata 
Overall infection prevalence in B. variegata was 4.5% (C.I. = 3 - 6%).  Juveniles had a 
higher prevalence of infection (14.8%, CI = 8 - 24%) compared to adults (2.7%, C.I. = 1.5 – 
4%).  Infection intensities were generally low (mean = 21.3 GE, S.E. = 7.4), but one individual 
had a moderate infection (GE = 164).   
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Spatial distribution of Bd infection 
Sixteen out of 60 ponds (26.6%) contained Bd-infected B. variegata (Fig. 1).  Most 
ponds with Bd-infected B. variegata had only one infected individual (Table S1).  The highest 
ranked model contained two explanatory variables, namely distance to perennial water and 
percentage woody vegetation cover within 300 m (Table 1).  The probability of a pond 
containing Bd infected toads decreased with increasing distance from perennial water sources 
(Fig. 2a) and increased with high woody vegetation cover (Fig. 2b) (Table 2).   
 
Table 1. Akaike’s Information Criterion model rankings for the different candidate models explaining Bd 
occurrence at the pond level.  
Model k AICc ∆AICc wi 
Water + woody vegetation 3 63.01 0.00 0.33 
Water + woody vegetation + juveniles 4  64.54 1.53 0.15 
Water + woody vegetation + elevation  4  64.89 1.89 0.13 
Water 2  65.17 2.17 0.11 
Water + elevation 3 65.73 2.73 0.08 
Water + juveniles 3 66.02 3.01 0.07 
Water + woody vegetation +juveniles + elevation 5 66.63 3.62 0.05 
Woody vegetation +juveniles + elevation 4 66.68 3.67 0.05 
Juveniles 2 70.12 7.12 0.01 
Woody vegetation + elevation 3 71.85 8.84 0.00 
Juveniles + elevation 3 72.34 9.33 0.00 
Woody vegetation 2 73.45 10.44 0.00 
Elevation 2 73.80 10.79 0.00 
Woody vegetation + juveniles + elevation 4 74.08 11.08 0.00 
Woody vegetation + elevation 3 75.58 12.57 0.00 
 
k = number of parameters; AICc = Akaike’s Information Criterion corrected for small sample size; 
∆AICc = difference in AICc compared with the model with the lowest AICc; wi = model weight.  Water = 
distance to perennial water source; woody vegetation = percentage woody vegetation cover; juveniles = 
presence-absence of sampled juveniles at pond; elevation = elevation of pond.   
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Figure 2. Predicted probability of Bd occurrence as a function of (a) distance to perennial water and (b) 
woody vegetation cover within a 300 m radius around a given pond.  Solid lines indicate model 
predictions and dashed lines indicate 95% confidence intervals.  Predicted values were conditioned to the 
median woody vegetation cover value in (a) and the median distance to perennial water in (b).   
 
Table 2. Model coefficients and standard errors for environmental variables from the highest ranked 
model. 
Term Coefficient Standard Error 
Intercept -1.030 0.522 
Water -0.003 0.001 
Woody vegetation 0.017 0.008 
 
Discussion 
We found that Bd was widespread across the study region.  However, the pathogen was 
non-randomly distributed, with ephemeral ponds closer to perennial water sources and those 
surrounded by high levels of forest cover more likely to contain infected toads.  We suggest that 
this pattern reflects pathogen spill-over into ephemeral ponds due to amphibian movements 
from nearby, more permanent breeding habitats.  Bd appears to have a patchy distribution, 
indicating that environmental refuges, where the risk of Bd exposure is low, likely occur 
throughout the landscape.   
The spatial configuration of amphibian breeding habitats across the landscape appears 
to be an important determinant of Bd distribution in ephemeral pond breeding amphibians.  Bd 
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is sensitive to desiccation and is unlikely to persist in ephemeral ponds during extended dry 
periods (Johnson et al., 2003, Murray et al., 2011a, Padgett-Flohr and Hopkins, 2010), while 
perennial ponds can remain Bd-positive over consecutive years, and may act as source habitat 
for Bd (Murray et al., 2011a, Padgett-Flohr and Hopkins, 2010).  Because there are no direct 
physical connections between perennial and ephemeral ponds in our study region, the most 
likely reason for the higher incidence of ponds containing Bd infected toads closer to perennial 
water sources is pathogen spill-over due to amphibian movements (c.f. Padgett-Flohr and 
Hopkins, 2010).  In the study landscape, B. variegata occurs in approximately one quarter of 
perennial ponds (Hartel and von Wehrden, 2013), but the species prefers to breed in ephemeral 
ponds and moves into such ponds as they form (Hartel, 2008, Hartel, R. Băncilă and 
Cogălniceanu, 2011).  Bd is also likely to be spread by other amphibians within this landscape, 
including Bufo bufo, Rana dalmatina and species in the Pelophylax esculentus complex (Baláž 
et al., 2013, Bosch and Martínez-Solano, 2006, Hartel, Nemes and Mara, 2007, Hartel and von 
Wehrden, 2013).   
We also found that ponds surrounded by high levels of forest cover were more likely to 
contain Bd infected toads (Fig. 2b).  Ponds in open landscapes are probably less suitable for Bd 
because they experience higher water temperatures compared to forest ponds (B. Scheele, 
unpublished data), potentially reducing Bd growth and survival (Piotrowski, Annis and 
Longcore, 2004).  Additionally, ponds in forested landscapes in the study region have more 
reliable hydroperiods than those in open landscapes (Scheele et al., 2014a), likely favouring Bd 
persistence (Padgett-Flohr and Hopkins, 2010).  These findings are consistent with previous 
research showing decreased Bd prevalence in ponds with low canopy cover, associated with 
higher water temperatures (Becker et al., 2012, Raffel et al., 2010).  Similarly, in South 
America, deforestation has been found to decrease microclimate suitability for Bd, resulting in 
lower Bd prevalence in riverine frog species (Becker and Zamudio, 2011).  Combined, these 
results suggest that cooler, wetter conditions commonly associated with forested environments 
are conducive to Bd growth and persistence.   
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The ancient agricultural landscapes of Southern Transylvania are a mosaic of forest, 
pasture, meadow and arable land covers (Fischer, Hartel and Kuemmerle, 2012), with relatively 
few amphibian breeding areas containing permanent water (Hartel and von Wehrden, 2013).  
We suggest that this mosaic results in patchy environmental suitability for Bd, as ephemeral 
ponds in open landscapes, isolated from perennial water sources are likely unfavourable for Bd 
persistence.  These ponds may provide an environmental refuge from Bd (c.f. Puschendorf et 
al., 2009, Puschendorf et al., 2011).  As such, the overall risk posed by Bd to B. variegata in the 
study landscape may be limited because conditions suitable for Bd only occur in a subset of B. 
variegata habitat.  The presence of environmental refugia within a region broadly suitable for 
Bd highlights the need to consider fine scale variation in environmental suitability for the 
pathogen.  Our results suggest that the creation or maintenance of ephemeral ponds in open 
landscapes could be used as a management strategy to reduce Bd-induced mortality in species 
threatened by chytridiomycosis.  Additionally, other factors such as reservoir hosts – which are 
absent in the study region (Vörös et al., 2013) – may influence Bd infection in ephemeral pond 
breeding amphibians and need to be considered when evaluating the threat posed by the 
pathogen (Scheele et al., 2014b).   
Human landscape modification is well known to alter environmental suitability for 
pathogens, directly influencing pathogen distribution and abundance (Becker and Zamudio, 
2011, Ostfeld et al., 2005).  Landscape modification can also alter pathogen-host dynamics 
through processes such as increased host density in remnant forest patches (Allan, Keesing and 
Ostfeld, 2003).  In Southern Transylvania, ephemeral ponds in open landscapes are disappearing 
due to a transition from cattle and buffalo to sheep grazing and agricultural intensification 
(Hartel and von Wehrden, 2013).  The loss of ephemeral ponds from open landscapes is likely 
to cause B. variegata to contract into forest and stream-side ponds, which appear to have higher 
Bd risk.  As such, a higher proportion of the total habitat area occupied by B. variegata is likely 
to be suitable for Bd in the future.  To examine the potential consequences of such a shift, more 
research is needed in the study region to better understand Bd prevalence in amphibians using 
perennial water sources, as well as the capacity for amphibian movements to disperse Bd.   
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Whether Bd infection causes mortality in B. variegata in our study region is unknown.  
Our evidence indicates that substantial mortality is unlikely, because the majority of sampled 
individuals were Bd-negative, and infected toads had low infection intensities.  This is 
consistent with long-term research detecting no unusual mortality events or major declines in 
populations of B. variegata where Bd was detected (Hartel et al., 2007, Hartel et al., 2011, 
Vörös et al., 2013).  Unfavourable environmental conditions and terrestrial habitat use probably 
restrict the development of intense Bd infections in B. variegata (Spitzen‐van der Sluijs et al., 
2014).  Similar processes have been documented in other species where environmental 
conditions have been linked to low Bd prevalence (Forrest and Schlaepfer, 2011) and infection 
intensity (Puschendorf et al., 2011).  However, it should be noted that Bd prevalence was 
highest in the juvenile life-history stage and given that Bd-induced mortality has been 
documented at metamorphosis in B. variegata tadpoles (Woodhams et al., 2014), it is possible 
that the pathogen may cause some early life-history mortality.  This could be investigated by 
temporarily bringing tadpoles from Bd-positive and Bd-negative ponds into captivity and 
holding them through metamorphosis and quantifying whether any mortality is Bd-related 
(Bosch et al., 2013, Tobler and Schmidt, 2010).   
The impact of Bd on European amphibians is likely underestimated, with further 
research needed to determine the threat posed by this pathogen (Bosch et al., 2013).  Our study 
provides the first landscape-scale investigation of Bd infection in Eastern Europe.  We 
documented lower Bd prevalence in B. variegata compared to recent reports from Western and 
Central Europe (Baláž et al., 2013, Woodhams et al., 2014).  However, our sampling coincided 
with an unusually dry spring, which may have reduced prevalence.  Bd prevalence can vary 
seasonally and between years (Padgett-Flohr and Hopkins, 2010, Spitzen‐van der Sluijs et al., 
2014) and resampling ponds over consecutive years is likely to provide additional insights into 
Bd dynamics.  Additionally, other factors not explored in our study may influence Bd 
prevalence and infection intensity.  We suggest that further research is needed to evaluate 
whether B. variegata density within a pond and population density across the landscape, affect 
Bd prevalence.  At an individual level, research on microbiome, body temperature and micro-
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habitat use is likely to improve our understanding of Bd infection in B. variegata (e.g. Rowley 
and Alford, 2013).  Finally, it is important to determine the lineage of Bd present in Romania 
(Vörös et al., 2013).  Pathogenicity varies significantly between Bd lineages (Farrer et al., 
2011), and the lineage present in Romania may have low virulence, making mortality unlikely.  
If the hypervirulent global pandemic lineage associated with mass amphibian declines in other 
regions is absent, efforts must be focused on preventing its introduction (Fisher et al., 2009).  
 
Conclusions 
Understanding the spatial distribution of infectious pathogens at a landscape scale is 
important for evaluating disease risk to host populations (Ostfeld et al., 2005).  Our study 
showed that despite Bd being widely distributed, the pathogen appears to be restricted to a 
subset of B. variegata habitat, with unfavourable environmental conditions likely resulting in 
patchy Bd distribution.  Our results indicate amphibians using ephemeral ponds may be at 
greatest risk of Bd infection when such ponds occur in close proximity to amphibian breeding 
habitats with more permanent water.  In contrast, isolated ponds in open landscapes likely 
provide an environmental refuge from Bd, further highlighting the conservation value of habitat 
features originating from human land-use.   
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Supporting information 
Table S1. Number of adult and juvenile Bombina variegata sampled and number infected with 
Batrachochytrium dendrobatidis in ponds where the pathogen was detected.   
 Adult Juvenile 
Pond Sampled Infected Sampled  Infected 
1 6 0 1 1 
2 10 1 0 0 
3 10 1 0 0 
4 8 0 2 1 
5 10 2 0 0 
6 7 1 1 1 
7 8 1 2 1 
8 9 1 3 0 
9 6 1 4 1 
10 6 1 1 0 
11 8 1 0 0 
12 4 1 4 3 
13 9 1 1 0 
14 9 0 1 1 
15 8 1 2 0 
16 3 0 7 3 
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Paper III: Decline and re-expansion of an amphibian 
with high prevalence of chytrid fungus 
 
The long-term trajectory of species challenged by Batrachochytrium dendrobatidis (Bd) is 
poorly understood.  In Paper I, I showed that Bd can cause ongoing declines in amphibian 
populations.  However, other research has documented stable populations in the presence of Bd 
and there are anecdotal reports of species re-expansion.  In this paper, I quantify in the 
expansion of Litoria verreauxii verreauxii using a long-term dataset and discuss possible 
mechanisms allowing its persistence and expansion.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Scheele, B. C., Guarino, F., Osborne, W., Hunter, D. A., Skerratt, L. F. & Driscoll, D. A. (2014). Decline 
and re-expansion of an amphibian with high prevalence of chytrid fungus. Biological Conservation 
170:86-91. 
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Abstract 
The disease chytridiomycosis, caused by the fungal pathogen Batrachochytrium 
dendrobatidis (Bd), is a key driver of global amphibian declines. While chytridiomycosis can 
cause extinction, many susceptible species persist after an initial period of decline, albeit with 
reduced abundance and distribution. Emerging evidence indicates that amphibian abundance 
can recover within remnant populations, but to date, the capacity of amphibian populations to 
re-expand into historically occupied habitat has received limited research attention. We 
surveyed 145 sites in 2011 and 2012 to determine if populations of the whistling tree frog 
(Litoria verreauxii verreauxii) have re-expanded compared with historical data from 1975–
1976, 1990 and 1996. L. v. verreauxii underwent a major range contraction likely caused by 
chytridiomycosis between the first two time periods. Populations have recently re-expanded, 
with 39 new sites colonised despite high prevalence of Bd. We suspect that changes in disease 
dynamics have resulted in the increased coexistence of L. v. verreauxii and Bd. Habitat 
attributes at sites that retained frogs for the duration of the study indicate that high quality 
habitat may contribute to buffering against population level effects of Bd. Colonised sites had 
more coarse woody debris, suggesting a possible habitat management strategy to encourage 
range expansion for this species. Given sufficient time and adequate source populations in high 
quality habitat, it is possible that other amphibian species may re-expand from 
chytridiomycosis-induced declines. This provides an impetus for the protection of historical, but 
currently unoccupied amphibian habitats and highlights the importance of maintaining high 
quality habitat to help species survive novel shocks such as pandemic diseases.  
 
Key words: 
Batrachochytrium dendrobatidis, colonization, disease, dispersal, frog decline, recovery 
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Introduction 
In an era of rapid biodiversity loss, amphibians are especially vulnerable (Stuart et al., 
2004) due to multiple threats, including habitat destruction and emerging infectious disease 
(Wake and Vredenburg, 2008; Hof et al., 2011). One of the most pressing threats is the 
pandemic chytridiomycosis (Wake, 2012), an infectious skin disease caused by the fungal 
pathogen Batrachochytrium dendrobatidis (hereafter Bd) (Berger et al., 1998) that has caused 
the decline or extinction of at least 200 species (Skerratt et al., 2007). Chytridiomycosis has 
resulted in “the most spectacular loss of vertebrate biodiversity due to disease in recorded 
history” (Skerratt et al., 2007) and provides a devastating example of the threat posed by 
emerging infectious diseases to biodiversity (Fisher et al., 2012).  
Although chytridiomycosis has caused the extinction of many species, the majority of 
susceptible species experience range contractions but subsequently persist with enzootic Bd 
infection, albeit with greatly reduced distribution and abundance (Walker et al., 2010; 
Puschendorf et al., 2011). Disease dynamic models suggest that population recovery is possible 
in populations with enzootic Bd (Briggs et al., 2010). Recently, Newell et al. (2013) 
demonstrated that two populations of the endangered Mixophyes fleayi have experienced 
sustained population growth and this combined with observations of increased abundance in 
several Litoria serrata (Syn. L. genimaculata) populations (McDonald et al., 2005; Richards 
and Alford, 2005), indicates that the recovery of at least some remnant populations of these 
species is occurring. However, despite the extensive Bd literature (Muths et al., 2011), evidence 
documenting range re-expansion is limited to brief observations from northern Australia 
described by McDonald (2002) and McDonald et al. (2005). Documenting evidence of range re-
expansion would greatly aid our understanding of the long-term response of wildlife to novel 
diseases, and provide an impetus for the protection of historical, but currently unoccupied 
habitat.  
Here, we examine the long-term response of an amphibian species approximately three 
decades after the emergence of Bd in our study region. Litoria verreauxii verreauxii (whistling 
tree frog) experienced severe declines in upland areas of the Southern Highlands of eastern 
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Australia in the 1980s (Osborne, 1989, 1990, 1992; Osborne and Hunter, 1998). Prior to its 
decline, L. v. verreauxii was considered ubiquitous across the region (Osborne, 1989, 1990, 
1992), as demonstrated by non-targeted historical surveys in 1975–1976 that detected the 
species at 73 of 79 sites (M.J. Littlejohn, University of Melbourne, unpublished results).  
Although a direct link between the decline of L. v. verreauxii and Bd in the Southern 
Highlands has not been demonstrated, several lines of evidence indicate that the emergence of 
Bd provides the most plausible explanation for the decline. First, the decline of L. v. verreauxii 
occurred in the early 1980s and coincided with the local extinction of four co-occurring species 
(Litoria aurea, Litoria castanea, Litoria raniformis and Pseudophryne bibronii) (Osborne, 
1990, 1992; Osborne and Hunter, 1998; Hamer et al., 2010). The rapid nature of these declines 
is consistent with the decline of other species for which chytridiomycosis has been implicated 
(Berger et al., 1998; Lips et al., 2006; Vredenburg et al., 2010). Disease is a likely cause of mass 
mortality of adults and the spatiotemporal nature of the decline is consistent with a spreading 
infectious disease (Laurance et al., 1996; Skerratt et al., 2007). Second, retrospective screening 
of museum P. corroboree and P. pengilleyi specimens collected from the Southern Highlands 
failed to detect Bd prior to 1980, but found Bd was common in specimens collected after 
populations began to decline (Hunter et al., 2010). Third, experimental work on the closely 
related subspecies L. verreauxii alpina (recent genetic analysis does not support distinguishing 
this sub-species; L. Price 2012, University of Newcastle, personal communication) has 
demonstrated very high susceptibility to Bd under laboratory conditions (S. Cashins 2013, 
James Cook University, personal communication), indicating that L. v. verreauxii is susceptible 
to Bd. Lastly, the species has been killed by chytridiomycosis in the wild (Berger et al., 2004). 
To study long-term changes in L. v. verreauxii occupancy, we used data collected from 
three time periods; 1975–1976 before Bd, 1990 and 1996 shortly after Bd arrival, and 2011 and 
2012. We were interested in (1) confirming the decline of L. v. verreauxii between the first two 
survey periods and (2) whether L. v. verreauxii populations have expanded between surveys 
from the 1990s compared to surveys from 2011 and 2012, and if so, to what extent. We also 
investigated whether recent changes in occupancy are affected by breeding habitat variables and 
quantified the current prevalence of Bd in persistent and recently colonised populations. 
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Materials and Methods 
Study area 
We conducted our study in the Southern Highlands region of south-eastern Australia 
(Fig. 1). The region has a temperate climate with an average winter minimum of 0.6 oC and a 
maximum of 12.2 oC and corresponding summer averages of 12.5 oC and 27 oC (BOM, 2012). 
Rainfall is consistent throughout the year with an annual average of 616 mm, however, rainfall 
can be greatly reduced during infrequent El Nino droughts (BOM, 2012). We surveyed 145 sites 
located in grazing, suburban and protected landscapes. A range of wetland habitat types were 
surveyed including ponds (n = 94), lake shores (n = 3) and small streams (n = 48). All sites 
superficially resembled suitable breeding habitat (Anstis, 1976). 
 
Study species 
From late winter through spring, breeding aggregations of L. v. verreauxii use a range 
of habitats including ponds, creeks and swamps (Anstis, 1976). Males call from aquatic 
vegetation or on adjacent banks and eggs are deposited below the water surface attached to 
aquatic vegetation (Anstis, 1976). 
 
Frog surveys 
This study is based on frog surveys carried out in 1975–1976 (‘‘historical surveys’’) by 
M.J. Littlejohn (University of Melbourne), 1990 and 1996 (‘‘baseline surveys’’) by F.G. and 
W.O. and 2011 and 2012 (‘‘current surveys’’) by B.S. The location of historical surveys was 
determined by reviewing the field notes of M.J. Littlejohn who undertook extensive surveys 
throughout the study region in 1975–1976. Using a topographical map, we were able to identify 
the specific locations of 23 of the sites surveyed by Littlejohn (Fig. 1). To increase the number 
of sites sampled and provide a robust baseline we selected an additional 122 sites in the 
immediate vicinity of the historical surveys that form the baseline surveys. These sites were 
surveyed in 1990 (n = 20) and 1996 (n = 125). In 1990, surveys were conducted on overcast 
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nights or following rain and in 1996, a reference site was used to check male calling activity 
prior to survey.  
In 2011, all sites were surveyed three times during August and September. The duration 
of each survey was 5 min. Air temperature, relative humidity, wind speed, time to L. v. 
verreauxii detection and the presence of other amphibian species were recorded. Cognizant of 
concerns associated with quantifying changes in amphibian site occupancy (see Pechmann et al., 
1991; Alford and Richards, 1999), we repeatedly surveyed sites in 2011 to calculate 
detectability and resurveyed sites once in 2012 to quantify inter-annual variation in site 
occupancy. Furthermore, to avoid concerns associated with inferring change from presence only 
records (Skelly et al., 2003) we ensured that our baseline surveys included a large number of 
presence and absence sites. All surveys were auditory (L. v. verreauxii has a clear, loud, easily 
distinguishable call) and were conducted during the breeding season to maximise likelihood of 
detection and surveys were not conducted during high winds or heavy rain. 
 
Batrachochytrium dendrobatidis sampling 
Sampling was conducted to investigate if re-expansion had occurred in the ongoing 
presence of Bd and if Bd was present, to quantify prevalence and intensity of infection. During 
the 2011 breeding season we used sterile swabs (Medical Wire & Equipment Co., MW 100–
100) to sample 65 adult L. v. verreauxii at four sites (see Fig. 1). Each sample was collected in a 
standardised way with three strokes on each side of the abdominal midline, the inner thighs, 
hands and feet. Samples were analysed by a commercial lab (cesar, Melbourne, Australia) using 
real-time quantitative PCR following the methodology of Boyle et al. (2004) and Hyatt et al. 
(2007) with the exception that samples that initially returned equivocal results were re-analysed 
using a Qiagen master mix instead of the Taqman master mix. We considered a sample positive 
if all three wells returned a positive reaction. After re-analysis, one sample returned one out of 
three wells positive and was classified as equivocal. 
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Habitat measurements 
In October 2011 the following information was collected at all sites: percentage cover 
of emergent vegetation, percentage of the riparian zone (0–2 m from the water’s edge) with no 
ground cover (bare bank), percentage with tussock cover over 50 cm and the number of pieces 
of coarse woody debris (>1 m x 10 cm diameter). Emergent vegetation, ground and tussock 
cover were measured because they are significant predictors of amphibian presence within the 
study region (Hazell et al., 2001). All percentage values were visual estimates, which have been 
used effectively within the study region (Hazell et al., 2001). 
 
Statistical analysis 
To investigate whether changes in site occupancy were related to habitat, we classified 
sites based on frog presence/absence during baseline and 2011 surveys. Present sites supported 
frogs in both periods (n = 22), colonised sites did not have frogs during baseline surveys but 
frogs were present in 2011 (n = 34) and absent sites did not support frogs in either period (n = 
86). Although L. v. verreauxii is highly detectable in the study region (single visit probability of 
detection 0.92, increasing to 0.99 after three surveys), it is possible that individuals were 
present, but not detected at a small number of absent sites, potentially resulting in the 
misclassification of some absent sites. Three sites that supported frogs during the baseline 
surveys but did not support frogs in 2011 were excluded from the analysis because of low 
sample size (n = 3). These sites were spatially clustered (Fig. 1) and because habitat appeared 
suitable, we cannot rule out the role of disease in driving these extinctions. Conservatively, we 
use the term colonised to describe sites that went from absent to present, however, given the 
historical distribution of L. v. verreauxii in our study region, colonised sites likely represent 
recolonised sites.  
We used multinomial generalised linear modelling to investigate differences in habitat 
characteristics among site types. Prior to analysis we ensured that habitat variables were not 
correlated. The number of pieces of coarse woody debris was natural log +1 transformed to 
ensure that the variance of the residuals was constant across the range of fitted values (Quinn 
and Keough, 2002). Percentage of the riparian zone with no ground cover and percentage of 
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emergent vegetation exhibited bimodal distributions and were converted to binary data. 
Percentage of tussock cover remained highly skewed after transformation and was also 
converted to a binary data. The three variables converted to binary data were split at ≥ 50% 
cover, representing high and low cover classes. Fifteen candidate models arising from all 
combinations of the four explanatory variables were constructed. We used an information-
theoretic model selection process to rank models based on their Akaike’s Information Criterion 
value with a correction for small sample size using the package ‘AICcmodavg’ (Mazerolle, 
2013). All analyses were completed in R 2.10.0 (R Development Core Team, 2009). 
Using repeat survey data from 2011 we investigated the adequacy of the survey effort to 
reliably detect frog presence/absence. First, we examined the effects of temperature, humidity 
and wind on probability of detection. All weather variables were shown to be non-significant (P 
> 0.05) and were not considered further. Second, we calculated the probability of detecting frog 
presence after a single visit (MacKenzie et al., 2002). We then used formulae from Wintle et al. 
(2005) to calculate the cumulative probability of detecting the species following three visits 
assuming that the species was present. We used the ‘unmarked’ package (Fiske and Chandler, 
2011) in R 2.10.0 (R Development Core Team, 2009) for all detectability analyses. 
 
Results 
Decline and expansion 
All 23 sites surveyed in 1975–1976 were occupied by L. v. verreauxii. During the 
baseline surveys seven of 23 historical sites were occupied, increasing to 11 of 23 during 
current surveys. Between the baseline surveys and 2011 L. v. verreauxii site occupancy 
increased from 25 of 145 to 56 of 145 (Fig. 1). In 2012, five additional sites were colonised 
(Fig. 1). These sites were located close to sites where frogs were detected in 2011 (Fig. 1). 
Three sites that did not support frogs in the baseline surveys, but supported frogs in 2011 did 
not support frogs in 2012 (Fig. 1). These sites only supported very small numbers of frogs in 
2011. In 2011 and 2012 frogs were present at all but three sites where they were detected in 
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baseline surveys. In total, 39 sites were colonised between the baseline surveys and 2011–2012, 
while frogs were extirpated at only three sites.  
 
 
Figure 1. Location of study sites in south-eastern Australia. (A) Baseline (1990 or 1996) present and 
absent sites are represented by open circles and crosses, respectively. Icons surrounded by large circles 
represent historical L. v. verreauxii sites from 1975–1976. (B) Sites colonised during the study are 
represented by pluses for 2011 and bold pluses for 2012. Open squares represent sites colonised in 2011 
but absent in 2012. Baseline present sites that were absent in 2011 and 2012 are represented by asterisk. 
Present and absent sites that did not change status during the study are represented by open circles and 
crosses, respectively. Bd sample locations are identified in (B). 
 
Detectability 
Over the four surveys in 2011 and 2012 L. v. verreauxii was recorded 215 times. At 
occupied sites, L. v. verreauxii was generally detected in the first minute of survey, with time to 
detection less than 1 min on 91.6% of occasions (<2 min 96.2%, <3 min 98.6%, <4 min 100%). 
At sites surveyed three times in 2011, the probability of detecting frogs on any single visit was 
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0.92 (S.E. = 0.02) and after three visits the probability of detecting frogs given presence was 
0.99 (S.E. = 0.02). 
 
Litoria v. verreauxii habitat analysis 
The best supported model contained three explanatory variables; percentage of the 
riparian zone with no ground cover, percentage with tussock cover and the number of pieces of 
coarse woody debris. The absence of frogs during both baseline and current surveys was 
positively associated with the amount of bare bank at a site (Table 1). The presence of frogs 
during baseline and current surveys was positively associated with tussock cover. Site 
colonisation was positively associated with coarse woody debris (Table 1). 
 
Table 1. Model coefficients (and standard errors) of habitat variables from the best ranked model. 
Recolonised sites were used as the baseline in the analysis so coefficients represent differences relative to 
recolonised sites. 
  Model terms   
Site type (Intercept) Bare bank Tussock cover Debris  
Absent 1.49±0.41 0.82±0.53 -0.76±0.57 -0.55±0.22 
Present 0.01±0.53 -1.33±1.14 0.49±0.62 -0.38±0.29 
 
Batrachochytrium dendrobatidis in L. v. verreauxii populations 
In 2011, infection prevalence in sampled L. v. verreauxii adults was 80% (Table 2). For 
infected frogs, the mean infection intensity was 9267 (S.E. = 4635) zoospore equivalents and the 
median was 704 zoospore equivalents (Table 2). While sampling, four frogs exhibited signs of 
severe chytridiomycosis (most noticeably, loss of righting reflex, Voyles et al., 2009) and two 
recently dead frogs were found in calling positions. 
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Table 2. Real-time PCR results for adult L. v. verreauxii (see Fig. 1 for sample locations).  zse = zoospore 
equivalents.  Bd = Batrachochytrium dendrobatidis.  
Site Site type No. samples Bd prevalence 95% CI Mean zse Median zse 
1 Colonised 2011 16 81 54-95 1299 358 
2 Colonised 2011 17 88 62-98 23225 4264 
3 Colonised 2011 12 67 35-89 2858 1047 
4 Baseline present 20 80 56-93 8863 415 
 Total 65 80 68-88 9267 704 
 
Discussion 
The capacity of amphibian populations to recover from chytridiomycosis-driven 
declines is poorly understood. To our knowledge, we provide the first systematic documentation 
of the decline and subsequent large-scale re-expansion of a susceptible species following 
widespread extirpation most likely caused by chytridiomycosis. It is possible that there is 
publishing bias towards documenting ongoing population impacts (e.g. Murray et al., 2009; 
Phillott et al., 2013) compared with partial recovery of populations from chytridiomycosis (e.g. 
McDonald, 2002; McDonald et al., 2005). This bias is understandable from a conservation 
perspective but it is important to recognise and document species recovery especially where it 
could provide insights for improved conservation management. Interestingly, the expansion of 
L. v. verreauxii has occurred in the ongoing presence of Bd, even though Bd appears to cause 
some mortality. This suggests that changes in chytridiomycosis dynamics or the evolution of 
disease resistance or tolerance has increased the capacity of L. v. verreauxii to coexist with Bd. 
Our results demonstrate that some amphibian species are likely to recover, given sufficient time, 
from disease-driven declines and highlight the role of habitat in initial population persistence 
and subsequent re-expansion. 
The pattern of local extirpation and subsequent re-expansion experienced by L. v. 
verreauxii contrasts sharply with that documented to date for many other Bd-susceptible 
amphibian species. For example, the emergence of chytridiomycosis has decimated upland 
central American amphibian assemblages with no sign of recovery (Lips et al., 2003). Likewise, 
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in temperate Australia the critically endangered P. corroboree has experienced a prolonged 
decline with no evidence for population recovery (Hunter et al., 2010). However, initial 
observations suggest that some species may be starting to recover. In Venezuela, Rodriguez-
Contreras et al. (2008) have speculated that lowland Atelopus cruciger populations may be 
increasing, and in eastern Australia Richards and Alford (2005) and Newell et al. (2013) have 
documented increased density in L. serrata and M. fleayi populations, respectively, while 
McDonald (2002) and McDonald et al. (2005) have noted that the upper altitudinal limit of L. 
serrata appears to be increasing.  
Lower host densities may lead to recovery of populations due to altered disease 
dynamics when declines are driven by density dependent diseases (Briggs et al., 2010) and may 
have contributed to the re-expansion we document. On the Southern Highlands, the initial 
emergence of Bd was associated with the almost complete extirpation of four frog species, and 
greatly reduced distribution and abundance of L. v. verreauxii (the decline of L. v. verreauxii 
was confirmed by our baseline surveys) (Osborne, 1990, 1992; Osborne and Hunter, 1998; 
Osborne et al., 2008; Hamer et al., 2010). Decreases in population density of all frog species 
following the initial chytridiomycosis epidemic is likely to have substantially lowered rates of 
aquatic reinfection, reducing chytridiomycosis mortality in remaining populations (Briggs et al., 
2010). However, observations of diseased and dead frogs at sites with reasonable adult 
abundance, in addition to high infection burdens observed in some individuals are not entirely 
consistent with the scenario described by Briggs et al. (2010) and other factors are likely to be 
important. One potential explanation is that if a site survives the initial epidemic, reduced 
pathogen pressure decreases the rate of adult mortality to a level at which recruitment is 
sufficient or compensatory (Muths et al., 2011; Tobler et al., 2012). If individuals are uninfected 
at metamorphosis they are unlikely to contract Bd during their terrestrial juvenile phase 
(Hossack et al., 2013) and may survive to sexual maturity Bd-free. Under this scenario, 
populations could potentially increase in abundance despite high Bd prevalence in breeding 
adults if they are able to reproduce before succumbing to the disease. 
Although changes in disease and population dynamics provide a plausible explanation, 
we cannot rule out the role of changes in host resistance, tolerance or decreased pathogen 
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virulence (Altizer et al., 2003). The emergence of novel diseases in naïve populations can lead 
to rapid changes in host tolerance and resistance or pathogen virulence, resulting in greatly 
reduced mortality levels (Altizer et al., 2003). Savage and Zamudio (2011) have demonstrated 
the evolution of resistance to Bd and Woodhams et al. (2010) have suggested that variation in 
antimicrobial skin peptides among frog populations may have evolved in response to selection 
pressure from Bd. Variation in host tolerance and/or resistance to Bd (Tobler and Schmidt, 
2010) may provide an explanation for the re-expansion of populations with endemic Bd 
infections. If infection is not inevitably lethal, then population persistence with Bd is possible 
(Briggs et al., 2005). Concurrent experimental research on L. v. alpina is investigating the 
potential for genetically based variation in susceptibility and will aid our understanding of 
potential recovery mechanisms (S. Cashins 2013, James Cook University, personal 
communication). 
Site colonisation is likely related to distance from the nearest occupied site (Rannap et 
al., 2009; Hilje and Aide, 2012), but data limitations prevented a thorough investigation of 
colonisation rates. However, the colonisation of several sites in 2012 (Fig. 1) provides an insight 
on potential dispersal distances. If the sites were colonised by individuals from the nearest 
known present site in 2011 the dispersal distance would have been approximately 2 km and 
would have involved movement across undulating woodland. Because the distance between 
potential breeding habitats in our study region is commonly less than 2 km, we anticipate 
continued expansion.  
Habitat suitability is also likely to influence successful site colonisation (Rannap et al., 
2009). We found that sites that were colonised were associated with higher levels of coarse 
woody debris (Table 1) which is likely to provide an important refuge for new colonisers 
(Hazell et al., 2003). Coarse woody debris is a key resource for some amphibians (Indermaur 
and Schmidt, 2011) and its addition could potentially be used to encourage L. v. verreauxii 
colonisation. Sites that supported frogs in both survey periods were associated with lower levels 
of bare bank and higher levels of tussock in the riparian zone (Table 1). These variables are 
generally associated with permanent water bodies and may indicate minimal water level 
fluctuation during the breeding season (Hazell et al., 2003). Because L. v. verreauxii attaches its 
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eggs to vegetation below the water surface, substantial fluctuations in water level can cause egg 
mortality (Hazell et al., 2001, 2003). Sites with increased water permanency may also be more 
resilient to the impacts of chytridiomycosis because they are buffered against mortality 
associated with recruitment failure in dry years. However, increased water permanency may 
also provide favourable conditions for Bd persistence (Kriger and Hero, 2007; Murray et al., 
2011). Because environmental variables may influence population outcome following 
chytridiomycosis emergence (Murray et al., 2011; Savage et al., 2011), it is imperative to 
conserve species across their full range of habitats to increase their capacity to persist with 
novel threats, such as disease (Puschendorf et al., 2011). Considering biodiversity conservation 
more broadly, the lesson is that maintaining high quality habitat can be critical to species 
survival in the face of novel shocks such as pandemic diseases. 
 
Conclusion 
We demonstrate that L. v. verreauxii populations have begun to re-expand in the 
presence of Bd despite experiencing historical declines that were most likely caused by this 
pathogen. We anticipate that L. v. verreauxii will continue to expand across its former range. 
Because there is an urgent need to develop management actions for species that are 
experiencing ongoing declines (Woodhams et al., 2011), an exciting opportunity for solutions to 
this need lies in investigating Bd dynamics in recovering populations. This knowledge is likely 
to inform the development of effective response strategies (Tobler et al., 2012). In addition, 
from an immediate land-management point of view, our finding that habitat may influence 
population outcome and facilitate colonisation highlights the need to maintain high quality 
habitat across the entire historical range of a species. With potential additive impacts from 
future climate change, habitat loss and disease combining to create an increasingly pessimistic 
outlook for amphibians (Hof et al., 2011), our results provide optimism and hope for this 
imperilled taxa. 
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Paper IV: Low impact of chytridiomycosis on frog 
recruitment enables persistence in refuges despite 
high adult mortality 
 
Batrachochytrium dendrobatidis (Bd) infection is a major source of mortality in some Bd-
challenged amphibian species.  In Paper III, I suggested that high recruitment in Litoria 
verreauxii verreauxii populations may facilitate population persistence by compensating for Bd-
induced adult mortality.  In this paper, I explore this hypothesis by examining the impact of Bd 
on recruitment potential in remnant populations of the alpine tree frog, Litoria verreauxii 
alpina.   
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Abstract 
The global chytridiomycosis pandemic caused by the pathogen Batrachochytrium 
dendrobatidis (Bd) is implicated in the apparent extinction or severe decline of over 200 
amphibian species.  Many declined species now only persist in isolated remnant populations.  In 
this study we examine how remnant populations coexist with Bd, focusing on disease impact on 
adult survival and recruitment potential in the chytridiomycosis-threatened frog Litoria 
verreauxii alpina.  Using skeletochronology we found that the adult male population in both 
2011 and 2012 was dominated by a two year old age cohort.  The lack of recruitment into the 
three year old cohort in 2012 indicates that annual adult survival is very low.  Combined with 
high Bd prevalence and heavy infection burdens, the pathogen appears to drive almost complete 
mortality of breeding adults over their first breeding season.  However, adults successfully mate 
prior to large increases in disease prevalence that occurs during the breeding season.  Infection 
prevalence among tadpoles and juveniles is low.  Exposure to warm water could provide a 
mechanism for avoiding or clearing Bd infection.  Relatively low Bd prevalence in juveniles 
prior to dispersal into terrestrial habitat indicates that Bd has minimal impact on early life 
history stages.  As such, recruitment is probably high, allowing populations to persist despite 
low adult survival.  This dependence on reliable annual recruitment may explain why remnant 
populations persist in permanent ponds rather than ephemeral ponds that were historically 
occupied.  New management strategies that focus on increasing recruitment may provide a way 
forward for the management of disease-threatened amphibian species.   
 
Key words: 
amphibian decline, Batrachochytrium dendrobatidis, chytrid fungus, recruitment, wildlife 
disease 
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Introduction 
Emerging infectious diseases are increasingly threatening wildlife, and have been 
implicated in recent high profile die-offs in bats, bees and corals (Daszak et al., 2000; Fisher et 
al., 2012).  The amphibian disease, chytridiomycosis, caused by the fungal skin pathogen 
Batrachochytrium dendrobatidis (hereafter Bd) has been linked to amphibian declines in 
Europe, Australia and the Americas (Berger et al., 1998; Lips et al., 2006; Skerratt et al., 2007).  
Chytridiomycosis has caused the likely extinction of 113 species (Skerratt et al., 2007).  Many 
additional species have experienced declines in abundance and distribution and while some 
species re-expand (Scheele et al., 2014a), many remain highly restricted in small, remnant 
populations with endemic Bd infection (Briggs et al., 2010; Puschendorf et al., 2011; Phillott et 
al., 2013). Understanding how remnant populations persist can assist in their conservation and 
help develop effective response strategies for other chytridiomycosis-threatened species 
(Scheele et al., 2014b). 
Remnant populations might persist through a range of mechanisms including; 
unfavourable environmental conditions that limit Bd growth (Heard et al., 2014), predatory 
microorganisms that consume infectious zoospores (Schmeller et al., 2013), genetic based 
resistance (Savage and Zamudio, 2011) and changes in pathogen virulence or evolved host-
pathogen interactions (Altizer et al., 2003).  Additionally, some species appear to persist despite 
high Bd prevalence and low adult survival (Muths et al., 2011; Phillott et al., 2013).  This 
suggests that compensatory recruitment may be important (Muths et al., 2011; Tobler et al., 
2012; Phillott et al., 2013).  Consistent with this, simulations indicate that low tadpole infection 
and subsequent high juvenile frog survivorship can provide a buffer against adult mortality in 
populations challenged by chytridiomycosis (Louca et al., 2014).  However, empirical research 
investigating the impact of Bd on both adult survivorship and recruitment potential in remnant 
populations remains limited.  Given the hypothesized importance of high annual recruitment for 
buffering populations against Bd-induced adult mortality, there is an urgent need to determine 
the effects of the pathogen on early life history stages and possible mechanisms that may 
facilitate high recruitment in populations persisting with Bd.   
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Warm environmental conditions may provide a refuge for tadpoles and juveniles to 
clear Bd infection in some species, facilitating high recruitment and buffering populations 
against Bd-induced adult mortality.  Temperature is well known to limit Bd infection in adults, 
with exposure to warm conditions in terrestrial (Puschendorf et al., 2011; Rowley and Alford, 
2013) and aquatic environments (Forrest and Schlaepfer, 2011; Heard et al., 2014) providing 
protection against the pathogen.  In vitro, Bd growth and survival is reduced at temperatures ≥ 
28 oC (Piotrowski et al., 2004) and exposure to temperatures of between 27 oC and 37 oC has 
effectively been used to clear infection in a variety of amphibian species in captivity (Chatfield 
and Richards-Zawacki, 2011; Baitchman and Pessier, 2013).  However, whether warm 
environmental conditions provide protection from Bd for larval stages in the wild remains 
poorly studied despite suggestions such mechanisms could contribute to population persistence 
(see Doddington et al., 2013).   
While maintaining recruitment potential depends on low Bd impacts during the 
vulnerable tadpole-juvenile period, survival through this stage is of little value if individuals 
subsequently succumb to disease prior to breeding.  Thus, it is important to understand the 
timing of disease impact in adults.  Many populations with endemic Bd exhibit large seasonal 
variation in disease frequency, with periods of high prevalence in adults during the breeding 
season (Kinney et al., 2011) and under favourable climatic conditions (Phillott et al., 2013).  For 
example, Bd prevalence can rise dramatically when pond breeding amphibians enter their 
breeding habitat and are exposed to water-borne zoospores (Fisher et al., 2009; Kinney et al., 
2011).  The timing of this increase relative to breeding is crucial: if a substantial proportion of 
adults are able to breed prior to large increases in disease prevalence and intensity, the 
pathogen’s impact on adult reproductive potential in that season may be limited.   
In this study we asked how remnant populations of the endangered frog Litoria 
verreauxii alpina (alpine tree frog) coexist with endemic Bd infection.  We addressed this 
question using three lines of evidence: (1) disease impact on adult survival and changes in 
disease prevalence during the breeding season, (2) survival to the juvenile stage disease-free as 
a measure of recruitment potential, and (3) the role of environmental refugia in protecting 
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tadpoles from infection.  Litoria v. alpina has experienced major declines attributed to 
chytridiomycosis (Osborne et al., 1999; Osborne and Hunter, 2003) and is highly susceptible to 
Bd infection (six of 277 adults exposed to Bd under laboratory conditions survived, S. Cashins, 
James Cook University, unpublished results).  However, some remnant populations persist and 
appear to be relatively stable (Osborne et al., 1999); despite high Bd prevalence.  Given high 
susceptibility under laboratory conditions, but observed persistence with Bd in a small number 
of locations, we hypothesized that populations maintain sufficient recruitment potential to 
facilitate persistence despite ongoing Bd-induced adult mortality.   
By examining both the impact of chytridiomycosis on adult survival and recruitment 
potential, our study provides important new insights into mechanisms of population coexistence 
with disease.  Our work has implications for the management of species threatened by 
chytridiomycosis; demonstrating that there is substantial potential for novel strategies to focus 
on increasing recruitment potential to prevent further extinctions.  
 
Materials and Methods 
Study area and species 
Sampling was replicated across three independent L. v. alpina (alpine tree frog) 
populations (Kiandra, Eucumbene and Three Mile) located in Kosciuszko National Park 
(35°34'18'' S, 148°32'27'' E) in south-eastern Australia between August 2011 and March 2013.  
Population sizes are relatively small and populations likely consist of less than 150 breeding 
adults (D.H., unpublished results).  Populations are separated by distances of between six and 
30 km and range in elevation from 1380 to 1475 m.  The region has an average winter minimum 
of -1.1 oC and a maximum of 3.9 oC and corresponding summer averages of 9.1 oC and 19 oC 
(BOM, 2014).  Rainfall peaks in winter and spring, but is high throughout the year with an 
annual average of 1700 mm (Cabramurra station 072091).   
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Litoria v. alpina breed once a year during spring.  In late August or early September, 
adults emerge from torpor and form breeding aggregations, which persist through to late 
October.  Males call from aquatic vegetation and eggs are deposited below the water surface 
(Anstis, 1976).  Eggs hatch after one to two weeks.  The tadpole stage is three to four months 
long and metamorphosis generally begins in December and peaks in January.  During the non-
breeding season, adults are widely dispersed from breeding habitat and occupy grassland and 
woodland, while sub-adults occupy terrestrial habitat after dispersal from maternal ponds.  
Litoria v. alpina is the most abundant amphibian species at each site, with two non-declining 
species, Crinia signifera (common eastern froglet) and Limnodynastes dumerilii (eastern banjo 
frog) also present.   
At each site, L. v. alpina breed in several permanent and adjacent temporary 
waterbodies.  Breeding ponds have diameters ranging 3 to 10 m, range in depth from 0.5 to 3.5 
m and are highly vegetated.  The terrestrial vegetation at the study sites is open sub-alpine 
grassland dominated by tussock grass species (Poa fawcettiae and P. helmsii) and sub-alpine 
woodland dominated by Eucalyptus pauciflora and E. stellulata.  The dominant aquatic and 
emergent vegetation used by calling males, tadpoles and metamorphs is Poa costiniana, Carex 
gaudichaudiana, Baloskion australe, and Myriophyllum variifolium.  All ponds occur in natural 
L. v. alpina habitat, but road construction at one site (Three Mile) has impeded stream flow, 
increasing habitat.   
Amphibian declines had occurred in the study region by the early 1980s, and have been 
linked with the emergence of Bd (Osborne and Hunter, 2003; Hunter et al., 2010).  In the sub-
alpine zone, L. v. alpina, Pseudophryne corroboree and P. pengilleyi have experienced major 
reductions in abundance and range (Osborne et al., 1999; Hunter et al., 2010).  Litoria v. alpina 
is now restricted to a small number of isolated waterbodies scattered throughout its historical 
distribution (Osborne et al., 1999) and is classified as endangered (Australian Government 
Department of the Environment, 2014).   
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Skeletochronology 
We collected samples for skeletochronological analysis to determine the age of 
individuals from each population during the 2011 (Kiandra n = 36, Eucumbene n = 35 and 
Three Mile n = 37) and 2012 (Kiandra n = 30, Eucumbene n = 30 and Three Mile n = 30) 
breeding seasons.  In 2011, sampling occurred between August and October and involved 
surveys on multiple nights in each population.  All individuals encountered in the breeding 
habitat, including 12 females, four sub-adults and one juvenile were sampled.  The relatively 
low proportion of females sampled compared to males reflects behaviour differences between 
the sexes.  Males have a loud call and often occupy exposed calling positions on emergent 
vegetation.  In contrast, females do not vocalise and are found in less exposed areas and as such, 
are more difficult to locate.  In 2012, only males were sampled and all individuals from a 
population were sampled on a single night (these samples represent the early season adult 
sample described below).  Adult sex was determined by the presence or absence of male nuptial 
pads.  A single digit from each individual was removed at the base of the third phalange and 
stored in 70% ethanol.  A skin swab was also collected from each individual to test for Bd 
presence (see below).  
Skeletochronology involved decalcifying whole digits in 10% formic acid for 14 h, 
followed by rinsing in running water for 3 h.  Samples were then vertically embedded in 
paraffin wax and sectioned using a rotary microtome to cut 10 μm sections.  The entire third 
phalange was sectioned to ensure that the mid diaphysis region, which contains the best sections 
for aging, was identified.  Sections were mounted on slides and stained for 30 min using 
Harris’s haematoxylin and mounted with a 60 mm cover-slip using D.P.X. mounting fluid to 
create a permanent mount.  Lines of arrested growth were counted under 400x magnification 
using a light microscope.  Each individual was aged twice without reference to the previous 
result.  When an inconsistent result was obtained, sections were re-examined and if a reliable 
count could not be obtained, individuals were excluded (n = 3 in 2011, n = 4 in 2012).  A small 
number of samples from 2012 (Kiandra n = 4, Eucumbene n = 1) were excluded because of 
difficulties involving staining.   
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The accuracy of skeletochronology is dependent on the presence of clearly discernible 
lines of arrested growth, and is based on the assumption that these lines are consistently 
deposited annually (Smirina, 1994).  Skeletochronology is a reliable method for aging 
amphibians in regions that experience strong, consistent seasonal variations in climate, such as 
sub-alpine environments (Smirina, 1994), and has been validated in the study landscape using 
repeat sampling of individually identified P. corroboree (Hunter, 2000).   
 
Adult survival 
We combined two consecutive years of age-structure data from the three populations to 
estimate annual adult male survival.  We compared the proportion of individuals of age x in a 
given year with the proportion of individuals in the same cohort in the subsequent year (aged x 
+ 1) (Caughley, 1977).  The proportion of individuals in each age cohort was very similar and 
not significantly different between years (Chi-squared test, P = 0.91) and thus, the use of 
proportions was appropriate to account for slight differences in sample size between years.  
Because the majority of males appear to reach sexual maturity at two years of age, it was not 
possible to estimate survival rates for the small proportion of individuals that mature at one year 
old using this method.  In addition, we conducted surveys in August, September and October 
2012 to recapture individuals from which a toe was removed in 2011.  In total, four nights of 
survey were undertaken in each population in 2012, with each survey involving two or three 
experienced personnel searching all potential habitat within a site for five to seven hours.   
 
Batrachochytrium dendrobatidis infection in different life history stages 
To investigate the impact of Bd on recruitment potential we sampled tadpoles, newly 
metamorphosed juveniles and adults during the 2012-2013 breeding season.  Within a 
population, each discrete life history stage was sampled on a separate day.   
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Adults 
Adults from each population were sampled for Bd infection once at the beginning of the 
breeding season (August/September) and once at the end of the breeding season (late October) 
to investigate how the timing of disease transmission related to breeding.  Thirty adults from 
each population were sampled in both time periods (n = 180).  To ensure a comparable sample, 
we focused on adult males.  The timing of the first sampling relative to frog emergence from 
torpor at each population varied.  At Eucumbene, blocked access roads delayed sampling and 
the presence of tadpoles indicated breeding activity had commenced several weeks prior to 
sampling, while at Three Mile and Kiandra sampling was conducted closer to the initial 
commencement of breeding.   
 
Tadpoles 
Tadpoles were sampled in each population on two occasions; first in December when 
they reached a large enough size to swab, and a second time at the beginning of January prior to 
metamorphosis.  Tadpoles were caught by dip netting and were sampled from multiple locations 
in each population to ensure a representative sample.  Twenty individuals were sampled during 
each time period (n = 120).   
 
Juveniles 
Juveniles were sampled on one occasion in each population in late January or early 
February.  We planned two juvenile samplings, however, juveniles dispersed from the breeding 
habitat following a large rain event and only one sample of 30 individuals from each population 
was obtained (n = 90).   
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Batrachochytrium dendrobatidis sampling and testing 
We used sterile swabs (Medical Wire & Equipment Co. MW 100–100) to sample all 
life history stages.  Adults and juveniles were sampled in a standardised way with three strokes 
on each side of the abdominal midline, the inner thighs, hands and feet.  A new pair of 
disposable powder-free nitrile gloves was used for each sample.  Tadpoles were sampled by 
lightly brushing the swab tip over mouth parts 10 times.  Samples were analysed using real-time 
quantitative Polymerase Chain Reaction (PCR) following the methodology of Boyle et al. 
(2004) and Hyatt et al. (2007) with the exception that Qiagen master mix was used instead of 
Taqman master mix.  Samples were analysed in triplicate and were considered positive if all 
three wells returned a positive reaction (Hyatt et al., 2007).   
 
Tadpole water temperature measurements 
We collected the following information from groups of tadpoles surveyed across 
multiple ponds in each population on three different occasions in December and January 
separated by approximately eight days: number of tadpoles, depth of tadpoles in the water 
column, water temperature at the location of tadpoles, total water depth beneath tadpoles and 
temperature at maximum depth.  All measurements were collected between 12:00 and 15:30.  
Groups of tadpoles were chosen by selecting a random location in each pond and then 
measuring the closest group of tadpoles.  Locations were selected by measuring the length and 
width of a pond and then using a random numbers table to define a position within the pond.  
Locations were constrained for logistical reasons to within two metres of the pond edge.  In 
total, measurements were recorded for 103 groups of tadpoles.  We also tested water pH and 
salinity (measured by electrical conductivity) during adult, tadpole and juvenile sampling.  Both 
pH (Piotrowski et al., 2004) and water salinity (Heard et al., 2014) can limit Bd growth, 
however, no values indicative of conditions unfavourable to Bd were recorded (pH range 6 – 
6.7, electrical conductivity range 17.9 – 51.3 μS cm-1).   
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Statistical analysis 
We used generalised linear models (GLM) to analyse the 2012-2013 Bd infection data.  
First, we investigated Bd prevalence in different life history stages using a binomial GLM with 
Bd presence/absence as the response variable and life history stage (adult, juvenile, tadpole), 
population and an interaction between the two as potential explanatory variables.  Next, we 
investigated Bd prevalence and infection intensity in early and late season adult samples using a 
binomial GLM for prevalence data and a negative binomial GLM for infection intensity data 
(using the R package MASS, Ripley et al., 2013).  For both models, sampling period, population 
and an interaction between the two were potential explanatory variables.  Finally, we used a 
binomial GLM to investigate Bd infection prevalence in juveniles with Bd presence/absence as 
the response variable and population as an explanatory variable.  We used Chi-square tests to 
assess the significance of explanatory variables in all models (Zuur et al., 2007).  We did not 
compare infection intensities between life history stages because differences in infection 
intensity could result from life stage size differences.  Because of very low Bd prevalence, 
tadpole infection data was not analysed separately.  All statistical analyses were implemented in 
the R environment (R Development Core Team, 2014).   
 
Results 
Adult survival 
Based on the population age structure data, the annual adult male survival rate was very 
low (0.04).  In both 2011 and 2012, breeding aggregations were dominated by a two year old 
adult male cohort.  This result was consistent across all three populations.  In 2011, 10 of 88 
sexually mature males were one year old, 77 two years old and only one was three years old.  In 
2012, 78 of 81 sexually mature males were two years old and three were three years old.  The 
small number of three year old males in 2012 indicates that very few two year old males 
survived following the 2011 breeding season to return as three year olds in 2012.  Consistent 
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with the low rate of survival, no individuals marked in 2011 were recaptured in 2012, despite 12 
nights of survey throughout the 2012 breeding season.  In 2011, three of 12 females were two 
years old and nine were three years old.  The four sub-adults were one year old and one juvenile 
displayed no lines of arrested growth.  Seventy three of 108 individuals sampled in 2011 were 
infected with Bd (see appendix for detailed information on population prevalence and infection 
intensities). 
 
Batrachochytrium dendrobatidis infection in different life history stages 
Batrachochytrium dendrobatidis was detected in all L. v. alpina life history stages in 
2012-2013.  Probability of infection was significantly higher in adults compared to juveniles 
and tadpoles (P (Chi) = <0.0001, df = 2, 387) (Fig. 1a).  Probability of infection was also 
significantly different among populations (P (Chi) = <0.0001, df =2, 385) (Fig. 1b).   
 
Figure 1. Predicted probability of Bd infection during the 2012-2013 breeding season in (a) three L. v. 
alpina life history stages, and (b) different L. v. alpina populations (overall adult infection shown).  Error 
bars indicate standard error. 
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Adults 
A total of 180 adults were sampled for Bd infection and overall prevalence across time 
periods and populations was 68%.  Probability of infection increased significantly during the 
breeding season (P (Chi) = 0.0004, df = 1, 178) and was significantly different among the three 
populations (P (Chi) = 0.0004, df = 2, 176), with a significant interaction between sampling 
period and population (P (Chi) = 0.03, df = 2, 174) (Fig. 2a).  Infection intensity also increased 
significantly through the breeding season (P (Chi) = 0.01, df = 1, 117) (Fig. 2b).  During the late 
season sampling, two individuals exhibited symptoms of severe chytridiomycosis (most 
noticeably, loss of righting reflex, Voyles et al., 2009) and one dead individual was observed.   
 
Figure 2. (a) Predicted probability of infection, and (b) predicted infection intensity in adult L. v. alpina 
through the 2012-2013 breeding season.  Error bars indicate standard error.  Early season samples were 
collected between late August and early September, while late season samples were collected in late 
October.   
 
Juveniles 
Ninety juveniles were sampled for Bd and overall infection prevalence was 17%.  
Probability of infection was significantly different among the three populations (P (Chi) = 0.03, 
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df = 1, 58) (Fig. 3a).  For all infected juveniles, mean infection intensity was 1945 (S.E. = 876) 
zoospore equivalents, with infected juveniles exhibiting a range of infection intensities (Fig. 
3b).   
 
Figure 3. (a) Predicted probability of Bd infection in juvenile L. v. alpina in different populations (no 
infection detected at Three Mile).  Error bars indicate standard error.  (b) Proportion of infected juveniles 
in four infection intensity categories (total number of infected juveniles = 15/90).   
 
Approximately one month after the first juvenile sampling we attempted a second 
sampling for each population.  Despite comprehensive nocturnal surveys and day time 
vegetation searches, only a very small number of juveniles (n = 6) were detected across the 
three populations.  A large rain event followed the first round of juvenile sampling and it is 
likely that juveniles dispersed into surrounding terrestrial habitat at this time.   
 
Tadpoles 
Infection prevalence in the 120 tadpoles sampled was very low, with only 2.5% (C.I. = 
0.6 - 8%) of individuals positive.  Infection intensities for the three infected tadpoles were 166, 
13, 3 zoospore equivalents, respectively.   
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Water temperatures 
Water temperatures were recorded on three separate occasions in each population 
approximately eight days apart during late December and January.  Measurements were 
recorded for a total of 103 groups of tadpoles.  Tadpoles were observed in water temperatures 
ranging from 24 oC to 35 oC (Fig. 4).  Sample days had daily maximum air temperatures ranging 
from 22 oC to 30 oC.  The average daily maximum air temperature at Cabramurra (automatic 
weather station) for December 2012 and January 2013 was 18 oC and 23 oC, respectively.  
During sampling, metamorphosing individuals were observed basking in direct sunlight on 
emergent aquatic vegetation.   
 
Figure 4. Water temperature measurements for 103 groups of tadpoles across the three populations. The 
bold line is the median and boxes represent the 25th and 75th percentiles and error bars show the minimum 
and maximum values.   
 
Discussion 
Determining how remnant populations of chytridiomycosis-threatened amphibians 
coexist with Bd may prevent further extinctions.  By focusing on both the impact of Bd on adult 
survival and recruitment potential, our study provides crucial new insights into how populations 
persist with endemic Bd.  We show that adult survivorship between the 2011 and 2012 breeding 
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seasons was very low, likely related to high levels of Bd-induced mortality.  However, despite 
nearly all adults dying during their first breeding season, remnant populations are relatively 
stable.  Recruitment must therefore be offsetting low adult survival to allow population 
persistence.  We suggest high recruitment potential is maintained by low pathogen impact in 
early life history stages combined with successful mating by first time breeders.  Importantly, 
first time breeding occurs prior to large increases in Bd prevalence and infection intensity that 
develop as the breeding season progresses.  Our results highlight the potential for new 
management strategies to increase recruitment capacity in chytridiomycosis-threatened 
populations to reduce risk of extinction.   
We found that breeding aggregations of L. v. alpina are dominated by a two year old 
cohort, indicating that most males reach sexual maturity in two years, while a small proportion 
take one year.  In contrast, skeletochronological analysis of museum L. v. alpina specimens 
collected pre-Bd emergence, demonstrates populations had multiple adult age cohorts, including 
males up to six years old (B. S., unpublished results).  The dominance of a single two year old 
age cohort in both years indicates that the populations experience Bd-induced die-offs during 
the breeding season, similar to those described following Bd emergence in naïve populations 
(e.g. Lips et al., 2006; Vredenburg et al., 2010).  This conclusion is supported by; 1) the very 
low rate of recruitment into the three year old cohort in 2012 and the absence of recaptures 
between breeding seasons, 2) large increases in infection prevalence and intensity during the 
breeding season (Fig. 2a), 3) observations of dead and moribund individuals, and 4) high 
species susceptibility under laboratory conditions (S. Cashins, James Cook University, 
unpublished results).  Females also appear to have low survivorship, with most individuals 
reaching sexual maturity in three years (likely related to larger body size), and a small 
proportion taking two years.  Previous studies have documented reduced adult survivorship 
associated with Bd infection in populations of other declined species (Muths et al., 2011; 
Phillott et al., 2013), however, the level of infection prevalence and rate of turnover of 
individuals in the populations we describe appears to be substantially higher.   
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The low rates of adult survival imply that population persistence is facilitated by high 
levels of recruitment.  In other species, tadpoles can commonly be infected with Bd, but 
mortality is rare until metamorphosis, when infected individuals may succumb to 
chytridiomycosis (Fisher et al., 2009).  However, we found that Bd prevalence remained very 
low in tadpoles (Fig. 1a), leading to low prevalence in juveniles prior to dispersal from maternal 
ponds (Fig. 1a).  High infection burdens were observed in 8 % of juveniles suggesting that Bd 
causes a small amount of early life history mortality (Fig. 3b).  Following dispersal, juveniles 
occupy terrestrial habitat where the risk of contracting Bd is likely low (e.g. Kinney et al., 2011; 
Hossack et al., 2013), and it is plausible that many remain Bd negative during their sub-adult 
phase.  This is congruent with the relatively low prevalence of Bd in adults early in the season 
(Fig. 2a), likely driven by an influx of first time breeders into the adult population.  Importantly, 
first time breeders are able to successfully mate prior to significant increases in disease 
prevalence and intensity that occur later in the season.  This increase is likely related to breeding 
behaviour, with individuals congregating to breed under conditions that promote continual 
reinfection from water borne zoospores and favourable temperatures for Bd growth (c.f. Briggs 
et al., 2010; Kinney et al., 2011).   
Remnant L. v. alpina populations are associated with relatively permanent waterbodies 
(Osborne et al., 1999).  In contrast, the majority of historical records for this species are from 
ephemeral wetlands (Osborne et al., 1999).  The persistence of remnant populations at sites with 
long hydroperiods is likely related to the species’ dependency on consistent annual recruitment 
when challenged by Bd.  Ephemeral sites periodically experience drought-induced recruitment 
failure and under such conditions tadpoles are unable to buffer against disease-induced adult 
mortality.  Given this dependence on annual recruitment, we suggest that remnant populations 
of L. v. alpina persisting with Bd are highly vulnerable to stochastic events, where recruitment 
failure in any one year is likely to cause population extinction.   
Frequent exposure to water temperatures exceeding 28 oC likely explains the low 
prevalence of Bd in L. v. alpina tadpoles (Fig. 4).  In contrast, adult L. v. alpina are not exposed 
to temperatures that exceed the thermal maxima of Bd during the breeding season (water and air 
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temperatures < 20 oC, B. S., unpublished results).  In vitro, Bd growth and survival is greatly 
reduced at temperatures ≥ 28 oC (Piotrowski et al., 2004) and in the wild, high water 
temperatures have been linked to low Bd prevalence in adults of several species (Forrest and 
Schlaepfer, 2011; Heard et al., 2014).  Under laboratory conditions most Alytes obstetricans 
tadpoles exposed to water temperatures between 26 oC and 30 oC cleared Bd infection (Geiger et 
al., 2011) and in the same species, Bӧll et al. (2012) have suggested that tadpole exposure to 
warm water in small, shallow ponds may be associated with low Bd prevalence.  Daskin et al. 
(2011) demonstrated that one hour daily exposure to 33 oC significantly reduced Bd growth 
rates over four days, indicating that short-term exposure to such temperatures can limit Bd.  
Because tadpoles of many pond breeding species preferentially occupy warm microhabitats to 
increase development rates (Wilbur, 1980), we suggest that exposure to warm water 
temperatures may be an important factor limiting Bd infection in tadpoles of other species and 
warrants further investigation.   
While regular exposure to warm water provides a plausible explanation for the low 
prevalence of Bd in L. v. alpina tadpoles, we cannot rule out alternative explanations.  Because 
L. v. alpina tadpoles feed in the water column, low prevalence could be related to limited 
tadpole exposure to Bd zoospores, despite overlap between adult and tadpole life history stages.  
In other Litoria species, infection prevalence in tadpoles is related to tadpole feeding behaviour, 
with lower prevalence in water column feeders compared to bottom feeders that scrape algae 
from rock surfaces (Skerratt et al., 2010).  Another potential explanation is that L. v. alpina 
tadpoles have inherently low susceptibility to Bd infection, however, we note that L. v. alpina 
tadpoles have substantial keratinized mouth parts and at least one tadpole had a moderately 
intense infection.   
In addition to differences in Bd prevalence between life history stages, we document 
significant differences in Bd prevalence between populations (Fig. 1b).  Juvenile infection 
prevalence was highest in the Eucumbene population (Fig. 3a).  This site supports a substantial 
population of C. signifera, a non-declining species that is commonly infected with heavy Bd 
loads (B. S., unpublished results).  Crinia signifera may be a reservoir host for Bd, amplifying 
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prevalence in L. v. alpina juveniles prior to their dispersal from wetland habitat, however this 
requires further research.  The Eucumbene population was also the only population not to show 
a significant difference in Bd prevalence between adults sampled early and late in the breeding 
season.  This may be explained by the relatively longer period of frog activity between 
emergence from torpor and the first sampling at this population.   
The management of chytridiomycosis-threatened species is a major conservation 
challenge, with little applied research to guide amphibian disease management (Woodhams et 
al., 2011; Scheele et al., 2014b).  Our results highlight a new avenue for the management of 
chytridiomycosis.  Previous approaches have largely focused on reducing disease impact in 
adults (reviewed in Woodhams et al., 2011), and while this approach is logical given severe 
disease impact in this life history stage, our results indicate that alternative strategies focused on 
increasing recruitment potential or protecting populations from recruitment failure (e.g. drought 
in the study region, Scheele et al., 2012) could be successful.  For example, in pond breeding 
species this may involve the creation of breeding habitat with shallow edge areas that warm up 
rapidly to allow tadpoles to thermoregulate in warm water to avoid Bd infection.  Crucially, 
ponds must have sufficient hydroperiod to prevent desiccation prior to metamorphosis in dry 
years.  Sufficient pond hydroperiod can be maintained through deepening or lining ponds and 
water supplementation (Shoo et al., 2011).  Similarly, water temperatures can be increased 
through canopy modification and the use of dark pond linings (Scheele et al., 2014b).  Artificial 
habitat may be created at locations where focal species have been extirpated, but Bd remains an 
ongoing barrier to population re-establishment or in areas with low suitability for Bd.  Such 
approaches could be combined with existing strategies that directly target a reduction in Bd 
prevalence (see Woodhams et al., 2011; Scheele et al., 2014b) to minimise the threat posed by 
chytridiomycosis.   
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Conclusions 
Batrachochytrium dendrobatidis has devastated amphibians globally (Skerratt et al., 
2007; Fisher et al., 2009) and is now endemic in remnant populations of many declining species 
(Briggs et al., 2010; Hunter et al., 2010; Puschendorf et al., 2011).  Understanding how remnant 
populations persist with chytridiomycosis is central to their conservation and for guiding the 
restoration of other species that are largely extirpated from the wild but are retained in captivity 
(Scheele et al., 2014b).  Our study showed that remnant populations challenged by endemic Bd 
can persist despite low annual survival in adults because the pathogen does not severely 
compromise recruitment potential.  Low Bd prevalence in early life history stages is likely 
mediated by high water temperatures providing refuge from Bd.  We suggest that new 
management strategies that focus on increasing recruitment capacity could contribute to 
minimising the risk of extinction in chytridiomycosis-threatened species.   
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Appendix 
2011 Batrachochytrium dendrobatidis infection 
In 2011, 108 Litoria verreauxii alpina were sampled for Batrachochytrium 
dendrobatidis (Bd) infection.  Samples were analysed as described in the main text with the 
exception that a Taqman master mix was used and the maximum zoospore equivalent (zse) 
output was constrained to 16667 zse.  Across all individuals in the three populations, overall Bd 
prevalence was 67.5 % (C.I. = 57.8-76.0%) and mean infection intensity for infected individuals 
was 1514 (S.E. = 426 zse).  In 12 females sampled, Bd prevalence was 75 % (C.I. = 42.8-
93.3%) and mean infection intensity for infected individuals was 2275 (S.E. = 1589 zse).   
At Three Mile, Bd prevalence was 24.3 % (C.I. = 12.3-41.5%) and mean infection 
intensity for infected individuals was 204 (S.E. = 101 zse).  At Eucumbene, Bd prevalence was 
88.5 % (C.I. = 72.3-96.2%) and mean infection intensity for infected individuals was 1890 (S.E. 
= 793 zse).  At Kiandra, Bd prevalence was 91.6 % (C.I. = 76.4-97.8%) and mean infection 
intensity for infected individuals was 1519 (S.E. = 572 zse).  While sampling, two individuals 
exhibited symptoms of severe chytridiomycosis (most noticeably, loss of righting reflex, Voyles 
et al. 2009) and two dead individuals were observed.   
We suggest that the relatively low prevalence of Bd in the Three Mile population is due 
to this site being sampled earlier relative to the commencement of breeding compared to the 
Kiandra and Eucumbene populations.  This observation was the basis for investigating Bd 
prevalence and infection intensity within populations early and late in the breeding season in 
2012.   
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Paper V: Chytridiomycosis-induced shift in 
amphibian life-history 
 
Evolutionary theory predicts that the emergence of novel pathogens in naïve populations can 
alter host life-history through increased mortality.  In Paper IV, I showed that Batrachochytrium 
dendrobatidis (Bd) is associated with high adult mortality in remnant Litoria verreauxii alpina 
populations.  In this paper, I investigate the effects of Bd on population age structure and 
species life-history by comparing the demography of long exposed and naïve L. v. alpina 
populations.   
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Abstract 
Disease is increasingly recognized as a key threat to biodiversity.  The global 
emergence of the fungal pathogen Batrachochytrium dendrobatidis (Bd) is implicated in the 
severe decline of approximately 200 amphibian species, 113 of which are thought to be extinct.  
In populations of surviving species, Bd persists and can cause substantial ongoing mortality.  
The emergence of novel pathogens is predicted to drive changes in host life-history, yet the 
effects of Bd on amphibian life-history have not been examined.  Here, we show that this 
globally devastating pathogen drives life-history changes in amphibians that can render them 
more vulnerable to climatic extremes.  For an endangered frog, we compare longevity, and age 
and size at maturity between diseased and disease-free populations, and also with museum 
specimens collected prior to Bd emergence.  We demonstrate that populations with Bd have a 
severely truncated age structure driven by very high rates of annual adult mortality.  This 
truncated age structure means that in chytridiomycosis-challenged populations, individuals 
breed once, compared with non-diseased populations where individuals breed multiple times.  
Using a combination of empirical evidence and population models, we also show that 
chytridiomycosis is associated with earlier sexual maturity.  Simulations illustrate that these 
shifts in life-history greatly increase the risk of decline when populations are subject to 
environmentally-driven temporal variation in recruitment, such as that caused by drought.  Our 
results show that chytridiomycosis can drive major life-history shifts in its amphibian hosts and 
underline the potential utility of minimizing other sources of mortality to mitigate the threat 
posed by this deadly pathogen.   
 
Key words: 
Batrachochytrium dendrobatidis, chytrid fungus, iteroparity, life-history, semelparity 
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Introduction 
Pathogens are emerging as a key threat to biodiversity and have been implicated in 
recent severe declines in bats, bees and corals (1-3).  This threat is increasing with growth in the 
international wildlife trade, and is amplified by habitat loss (4, 5).  Globally, amphibians are a 
group highly threatened by disease (6).  First reported in 1998, the amphibian disease 
chytridiomycosis, caused by the fungal pathogen Batrachochytrium dendrobatidis (Bd) (7), has 
been implicated in the apparent extinction of 113 species and the major declines of a similar 
number of additional species (8, 9). 
The emergence of Bd in susceptible amphibian communities is associated with rapid 
increases in prevalence and infection intensity, followed by mass mortality (10, 11).  If some 
individuals survive the initial outbreak of chytridiomycosis, Bd can persist as an endemic 
pathogen in the remaining population (10, 12).  However, major declines in abundance and 
distribution are common in species with endemic Bd (12-14).  In remnant populations of 
declined species, the impact of Bd is variable, with some species experiencing high mortality 
and others suffering negligible effects (12, 14-16).   
Much research has focussed on evolutionary responses to Bd (17).  Chytridiomycosis 
can act as a strong selection force (1), and there is some evidence for evolved resistance in Bd-
challenged populations (18).  In addition to immune responses, non-immune related phenotypic 
and evolutionary shifts, such as earlier reproduction (19), are predicted when populations are 
challenged by disease (1, 20).  Life-history theory predicts that high adult mortality should 
favour increased allocation of resources to reproduction and reduced adult longevity (20-22).  
For example, changes in life-history have been documented in populations subject to intense 
human exploitation or predator introduction (23, 24).  However, despite considerable theoretical 
attention, empirical research on the effects of pathogen emergence on vertebrate life-history 
traits remains rare (19, 25) and has not been investigated in amphibians.  
While life-history shifts can be adaptive (19), they can also compromise a species’ 
capacity to tolerate existing extrinsic sources of mortality, leading to decreased population 
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stability and increased extinction risk (26).  Intense exploitation of commercial fisheries results 
in severe age structure truncation, driving reductions in age and size at maturity (27).  As fish 
populations become increasingly reliant on annual recruitment, their vulnerability to 
environmental fluctuations increases (28).  Similar processes may occur in Bd-challenged 
amphibian populations where adult survival is low.  Many amphibian species are reliant on 
relatively high adult survival to buffer against large inter-annual variation in recruitment success 
(29).  Age truncation, therefore, could result in increased risk of population extinction.  
Assessing how demographic shifts associated with chytridiomycosis interact with temporal 
variation in recruitment may help explain why some populations of a species are able to persist 
with Bd, while others are extirpated (9).   
Here, we ask whether Bd drives changes in amphibian life-history.  Endemic Bd is a 
major source of mortality in populations of declined amphibians across multiple continents (e.g. 
12, 14, 30) and therefore life-history shifts could be a widespread phenomenon.  We study the 
endangered frog Litoria verreauxii alpina (alpine tree frog), a species that was historically 
common throughout sub-alpine regions of Australia, but experienced major declines in the 
1980s.  Litoria v. alpina is now restricted to a small number of perennial ponds, and is absent 
from previously occupied ephemeral pond habitat (31).  In L. v. alpina, endemic Bd is 
associated with high annual adult mortality, but importantly, adults breed before succumbing to 
chytridiomycosis and recruitment remains sufficient to facilitate population persistence (32).   
We examine how chytridiomycosis affects population age structure, and age and size at 
maturity, by comparing long exposed Bd-infected L. v. alpina populations, extant Bd-free 
populations and museum specimens collected from populations prior to Bd emergence.  We 
then use matrix models to investigate whether the age structure shift observed in Bd-infected 
populations is best explained by; (i) adult mortality; (ii) adult mortality and increased tadpole to 
sub-adult survival (30); or, (iii) a combination of adult mortality and earlier maturity (22).  
Finally, we examine whether truncation of the population age structure caused by 
chytridiomycosis affects population vulnerability to environmentally-driven fluctuations in 
demography.   
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Worldwide, Bd is a major threat to many amphibian species.  We show that 
chytridiomycosis is associated with earlier reproduction and a shift towards semelparity, likely 
increasing population vulnerability to failed recruitment.  Recognition of the capacity for Bd to 
drive life-history shifts in amphibians has important implications for understanding how 
susceptible species persist with Bd and developing effective conservation strategies to mitigate 
the threat posed by chytridiomycosis.   
 
Results 
Truncated age structure and reduced adult survival in chytridiomycosis-affected populations 
Batrachochytrium dendrobatidis infection prevalence was 70% (C.I. = 64.5-75.2%) in 
292 individuals sampled across infected populations.  For infected individuals, mean infection 
intensity was 3774 (S.E. = 578) zoospore equivalents.  Bd was absent from 103 individuals 
sampled in two extant Bd-free populations.  Bd-infected populations displayed reduced 
longevity (Est. = -0.442, S.E. = 0.058, P = <0.0001) resulting in severe age structure truncation 
in adult males (Fig. 1).  These populations were dominated by two year olds, with no 
individuals older than three years (Fig. S1).  In contrast, Bd-free populations contained males 
ranging from one year to seven years old (Fig. 1).  Consistent with low adult survival in Bd-
infected populations, no individuals were recaptured with consecutive years of sampling (two 
populations in 1996-1997 and three populations 2011-2012).  In contrast, in a single night of 
survey, eight of 20 individuals were recaptured across two consecutive years in a Bd-free 
population.  Age structure truncation was also documented in the adult female population (Fig. 
S2).   
 
Reduced age and size at maturity in chytridiomycosis-affected populations 
Infected populations had a significantly higher proportion of males that were mature at 
one year of age compared to Bd-free populations (Fisher’s exact test, P = 0.01).  Further, we 
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estimated that 38% of males attained maturity at three years of age in Bd-free populations.  In 
contrast, only 2% of the male population was three years old in Bd-infected populations, 
suggesting that very few males mature at three years of age in Bd-infected populations.  
Although female sample size was limited, there was a higher proportion of mature two year old 
females in Bd-infected populations compared to Bd-free populations, which had no mature two 
year old females (Fisher’s exact test, P = 0.06) (Fig. S2).  Reduced age at maturity was also 
associated with reduced size at maturity.  One year old males from Bd-infected populations 
were significantly smaller than two year old males in both Bd-infected (Student’s t-test, P = 
<0.0001) and Bd-free populations (P = <0.0001).   
 
Earlier maturation is required to explain the observed age structure shifts 
Using a series of Leftkovich matrix models, we found that post-breeding adult mortality 
alone cannot account for the observed increase in the proportion of one year old breeders and 
the decrease in three year old breeders in Bd-infected populations (Fig. 1, Table S2).  Density-
dependent larval survival is common in amphibians, and increased tadpole to sub-adult survival 
has been documented in populations with chytridiomycosis (30).  However, increased 
recruitment at this life stage did not account for the observed age structure shift, as changes at 
this stage do not alter the proportion of adults in each age cohort.  Instead, using incremental 
adjustments of transition rates from the sub-adult stage into the first three breeding stages, our 
model suggests that increased reproduction at early age is required.  Specifically, a threefold 
increase in the transition rate of sub-adult to one year old adult, and a nineteen-fold decrease in 
the transition rate of sub-adult to three year old adult were required to reproduce the observed 
age structure in Bd-infected populations (Fig. 1, Table S3).   
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Figure 1. Proportion of adult male L. v .alpina in each age cohort observed in non-diseased and diseased 
populations and predicted stable age distribution for a non-diseased population, a diseased population 
with no post-breeding adult survival and a diseased population with no post-breeding adult survival and 
increased early maturity (predicted values restricted to five years).  
 
Truncated age structure renders chytridiomycosis-affected populations susceptible to 
recruitment fluctuation 
Using a series of population models we demonstrated that chytridiomycosis-affected 
populations are unlikely to persist in the presence of stochastic events that cause 
environmentally-driven variation in recruitment.  The first model was deterministic and used the 
population matrix with a stable age distribution that matched the observed age structure in Bd-
free populations (Table S1).  We projected population abundance over 100 years with 1000 
replications to find that abundance increased rapidly to the carrying capacity (Fig. 2).  The 
addition of periodic recruitment failure (simulating the effects of drought at the frequency and 
severity observed in ephemeral ponds in the L. v. alpina system) resulted in a near-stable 
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population (Fig. 2).  The second model used the population matrix with a stable age distribution 
that matched the Bd-infected populations (Table S3).  In the deterministic model (without 
periodic recruitment failure) abundance declined rapidly but stabilized at a low level (Fig. 2).  In 
contrast, when the population was challenged by periodic recruitment failure, the decline 
continued, resulting in an average abundance of <1 individual (Fig. 2).  However, population 
abundance in the presence of Bd is highly sensitive to the rate of survival at the tadpole to sub-
adult stage (Fig. 2).  Survival at this life stage in amphibians is commonly density-dependent, 
and recruitment is known to be elevated in Bd-infected populations (30).  We show that an 
increase in tadpole to sub-adult survival from 0.048 to 0.074 in the Bd-infected model resulted 
in population stability with Bd (Fig. 2, Table S4).  This simulates the approximate abundance 
observed in Bd-infected L. v. alpina populations persisting with Bd.  Notably, increased tadpole 
to sub-adult survival did not prevent population decline when periodic recruitment failure was 
incorporated into the Bd-infected model (Fig. 2).   
 
121 
 
 
Figure 2.  Using a series of Leftkovich matrix models, we explored how population age structure and 
increased recruitment affected population abundance in the presence and absence of periodic recruitment 
failure.  Three scenarios were compared; a Bd-free population, a Bd-infected population and a Bd-infected 
population with increased recruitment.   
 
Discussion 
Life-history responses to chytridiomycosis 
Disease-driven amphibian declines are a major cause of global biodiversity loss.  We 
found that chytridiomycosis was associated with a dramatic reduction in adult longevity in 
endemically infected amphibian populations, driving a shift towards semelparity.  As predicted 
by evolutionary theory (20-22), this had additional consequences for life-history, with a 
phenotypic shift to younger age at first reproduction.  The shift towards semelparity 
compromises the capacity of populations to persist in environments where climatic fluctuations 
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drive occasional recruitment failure, as is commonly experienced in amphibian breeding 
habitats (33).  High rates of adult mortality have been documented in other amphibian species 
persisting with endemic Bd (14, 30, 34), and we suspect that similar life-history shifts and 
demographic changes may commonly occur in Bd-challenged species.   
Novel pathogens can drive major phenotypic and evolutionary shifts in their hosts (1, 
21).  The age structure shifts that we observed in diseased populations were consistent with high 
mortality of adults and earlier maturation (Fig. 1).  This is congruent with life-history theory 
predictions (35) and observed pathogen-mediated life-history shifts reported in diseased 
Tasmanian devil (19) and fish (25) populations.  We consider three mechanisms that might 
facilitate earlier maturity at smaller body sizes in L. v. alpina.  We hypothesize that Bd-induced 
adult and juvenile mortality has driven the evolution of earlier maturity in diseased populations, 
but acknowledge that phenotypic plasticity in growth rates and relaxed sexual selection also 
merit consideration as driving mechanisms.   
1. Evolution of earlier maturity. Life-history theory predicts that increased extrinsic 
mortality drives earlier maturity at smaller body sizes (35, 36), and is a documented 
evolutionary response in fish and mammals to elevated adult mortality caused by disease or 
over-harvesting (19, 27).  In L. v. alpina, strong selection for earlier maturity is likely driven by 
Bd-induced juvenile, sub-adult and adult mortality.  While we do not have estimates of Bd-
induced mortality in early life-history stages, previous work has found 17% of juveniles leaving 
maternal ponds and a slightly higher percentage of first time breeders entering the breeding 
habitat, are infected with Bd (32).  Given very high adult susceptibly and mortality, it is 
plausible that in this species, Bd infection generally results in mortality in post-metamorphic 
individuals.  Thus, Bd-induced mortality is likely to be substantial in all life-history stages.  
Early maturity reduces the risk of death before reproduction, selecting for rapidly maturing 
individuals.  If phenotypic differences in age to maturity are in part heritable, persistent 
selection pressure may result in genetically mediated life-history shifts (19, 22, 37).   
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2. Phenotypic plasticity in growth rates. Alternatively, earlier maturity may result from 
phenotypic plasticity in growth rates driven by differences in resource availability between Bd-
infected and Bd-free populations.  Earlier maturity due to reduced resource competition has 
been observed in several exploited fish species (37) and amphibian growth rates are strongly 
influenced by resource availability (38).  Additionally, individuals in diseased populations may 
have increased capacity for rapid growth under high resource availability (e.g. 39).  However, 
limited information is available about how chytridiomycosis affects resource competition in L. 
v. alpina populations.  We note that one year old males are smaller than two year old males; 
ruling out the possibility that increased resources allow individuals to attain the same size at 
maturity in one year that previously required two years.  Furthermore, reduced resource 
competition may be negated by the high abundance of the sympatric, non-declining amphibian 
species, Crinia signifera at all study sites.   
3. Relaxed sexual selection. A third mechanism that may explain earlier maturity in Bd-
infected populations is reduced competition among males for mates.  In many amphibian 
species, females exhibit a preference for male advertisement call attributes that are indicative of 
large male size (40, 41).  If female L. v. alpina preferentially breed with larger males, breeding 
success of young males, which are substantially smaller than three year old males, is likely to be 
low in the presence of older age cohorts.  In Bd-infected populations where post-breeding adult 
survival is low, reduced competition is likely because first time breeders are not competing 
against returning, larger, older males.  Prolonged, intense male calling activity is associated with 
large energetic costs (40) and early maturity at small body sizes is likely to be selected against if 
breeding success is low.  This may explain the rarity of one year old males and the maturity of 
individuals at three years of age in non-diseased populations.  However, while reduced 
competition for mates may contribute to earlier maturity in males, this mechanism cannot 
explain earlier maturity in females.   
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Implications for population persistence and species distributions 
In long lived species, high adult survival can provide a buffer against environmental 
conditions unfavourable for reproduction (29).  Truncation of age distribution and loss of 
individuals capable of reproducing across multiple years erodes this capacity and increases 
vulnerability to stochastic events (27, 28).  Remnant Bd-infected L. v. alpina populations are 
limited to permanent waterbodies, as the species has been extirpated from ephemeral pond 
systems which experience periodic drought-induced recruitment failure (31).  Our simulations 
illustrated that populations challenged by chytridiomycosis have limited capacity to tolerate 
recruitment failure.  Thus, it is likely that the combined impacts of disease and drought-induced 
recruitment failure have caused the extirpation of L. v. alpina populations from ephemeral pond 
systems.  More broadly, our simulations highlight how pathogen-driven changes in life-history 
can compromise a species’ capacity to tolerate existing sources of mortality and how multiple 
factors need to be considered when evaluating extinction risk in disease-challenged populations.   
We found that abundance projections for Bd-infected populations were highly sensitive 
to the tadpole – sub-adult survival rate, and that a moderate increase in this life-history 
parameter made the difference between persistence at an unrealistically low level and survival at 
a level similar to that observed in remnant Bd-infected populations.  In pond breeding 
amphibians, tadpole survival can be strongly density-dependent, and reduced resource 
competition can increase survival (42).  Increased recruitment has been reported in other 
chytridiomycosis-challenged species (30) and may be an important factor contributing to L. v. 
alpina’s persistence with Bd.   
 
Conclusions 
Batrachochytrium dendrobatidis is a devastating wildlife pathogen that is now endemic 
in many amphibian communities globally (6, 8, 43).  While population persistence with Bd is 
possible, we show that chytridiomycosis can result in age structure truncation, which likely 
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increases vulnerability to recruitment failure.  Because risk of recruitment failure is variable 
across habitats, reduced buffering capacity may explain why within a species, some populations 
are able to persist with Bd, while others are extirpated.  Amphibians appear to have some 
capacity to respond to ongoing Bd pressure, with a life-history shift towards earlier maturity at 
smaller body sizes and density-dependent compensatory recruitment.  Understanding how 
species are able to coexist with Bd is crucial to developing and implementing management 
interventions (44).  Our results illustrate that amphibian populations can persist despite high 
disease impact when other sources of mortality, such as drought-induced recruitment failure, are 
low.  This highlights a major opportunity to develop new management strategies that focus on 
increasing resilience in chytridiomycosis-challenged populations.  In the case of L. v. alpina, 
this may be achieved through habitat manipulation to reduce recruitment failure during drought 
years.  More broadly, our research highlights that a thorough understanding of how Bd shapes 
host demography and life-history is needed to identify strategies to mitigate the threat posed by 
chytridiomycosis.   
 
Materials and Methods 
Study species and field sampling 
Litoria v. alpina is a spring breeding amphibian that reproduces in seasonal and 
permanent ponds in sub-alpine regions of south-eastern Australia.  Following snow melt, male 
breeding aggregations form and females arrive throughout the spring.  Eggs are deposited below 
the water surface attached to aquatic vegetation.  During the non-breeding season, adults are 
widely dispersed from breeding habitat and occupy grassland and woodland, and sub-adults 
occupy terrestrial habitat following dispersal from maternal ponds in late summer.   
We sampled populations across the species’ entire range, including seven extant Bd-
infected populations, two extant Bd-free populations and three historical, now extirpated 
populations.  Information on population location, sample size and date of sampling are provided 
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in Table S5.  Snout-urostyle length (SUL) was measured for all individuals with dial calliper 
(0.1 mm precision) and a single toe removed at the base of the third phalange for age 
determination.  Sex was determined by the presence or absence of male nuptial pads and size; 
individuals >32 mm SUL without nuptial pads were recorded as female.  Eighteen sub-adults 
were sampled, all of which were one year of age.  In 1996, individuals from two extant Bd-
infected populations were sampled and individually marked to allow identification.  Recaptures 
were attempted in 1997 (six nights of survey per population) and new individuals were also 
sampled.  In 2011, six extant Bd-infected populations and two extant Bd-free populations were 
sampled.  The two Bd-free populations sampled are the only known naïve populations and occur 
in geographically isolated areas.  In 2012, three populations sampled in 2011 were resampled to 
recapture individuals sampled in 2011 and sample new individuals (see 32 for details).  Museum 
specimens originate from three populations.  Each of the museum populations had been sampled 
in a single night.  Individuals were fixed in formalin and stored in ethanol.  The majority of 
individuals sampled were adult males (Table S5).  Males have a loud call and often occupy 
exposed calling positions on emergent vegetation.  In contrast, females do not vocalize and are 
found in less exposed areas and as such, are more difficult to locate.   
In 2011 and 2012 we sampled all individuals (except four) for Bd infection using sterile 
swabs (Medical Wire & Equipment Co. MW 100–100).  Sampling was conducted in a 
standardized way with three strokes on each side of the abdominal midline, the inner thighs, 
hands and feet.  A new pair of disposable powder-free nitrile gloves was used for each sample.  
Samples were analysed using real-time quantitative polymerase chain reaction following the 
methodology of Boyle et al. (45), with the exception that the maximum zoospore equivalent 
(zse) output was constrained to 16667 zse.  In 2012, a Qiagen master mix was used instead of 
Taqman and zse estimates were not constrained.  Samples were analysed in triplicate and were 
considered positive if all three wells returned a positive reaction (46).  Standard histological 
methods were used to confirm Bd presence in both populations sampled in 1996 and 1997 (7).  
Museum specimens were collected prior to amphibian declines in the study region (1969-1974; 
31) and were not sampled for Bd.  Retrospective screening of museum Pseudophryne 
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corroboree specimens collected from the study region failed to detected Bd in the sub-alpine 
environment prior to 1980 (47).   
 
Age determination 
Skeletochronology was used to determine the age of 594 individuals from seven Bd-
infected and five Bd-free populations (Table S5).  This method involved using a rotary 
microtome to section decalcified bone embedded in paraffin wax.  Sections were stained using 
haematoxylin and lines of arrested growth were counted using a microscope (see 32 for details).  
Skeletochronology is a reliable method for aging amphibians in regions that experience strong, 
consistent seasonal variations in climate, leading to the formations of clearly discernible lines of 
arrested growth (48), and has effectively been used in L. v. alpina (32).   
Population age structure data were used to estimate the proportion of males that enter 
the breeding population for the first time at three years of age in Bd-free populations.  Because it 
was not possible to directly estimate the survival of two year olds (due to variation in age at 
maturity), we assumed the same rate of annual survival between three and four year olds as two 
and three year olds.  We then multiplied the total number of three year olds by the survival rate 
to determine the number of males entering the breeding population at three.   
 
Statistical analyses 
To investigate factors associated with individual age we used Poisson generalized linear 
mixed models in the R package lme4 (49, 50).  The dependent variable was age, with population 
Bd status (presence-absence) and elevation as fixed effects and population as a random effect.  
We used non-automated backward selection to remove non-significant variables (P > 0.05) from 
the model, which is appropriate for GLMMs with few fixed effects (51).  
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Population modeling 
We used Leftkovich matrix models to investigate whether Bd-induced adult mortality 
could theoretically account for the observed shift in age distribution. We used pre-breeding 
female based models and assumed a 1:1 sex ratio and equivalent vital rates between sexes.  We 
first created a model with a stable age distribution that matched the observed age structure of 
Bd-free populations.  The matrix contained seven stages, including five breeding stages (Table 
S1).  Adult survival rates were estimated from the age structure data of the Bd-free populations.  
The five Bd-free populations were sampled over four different years, reducing the likelihood 
that stochastic events in any one year would have a substantial influence.  Clutch size was 
obtained from the literature (52).  Egg to adult survival was unknown and was incrementally 
adjusted to achieve a stable age distribution that matched the observed age structure (Table S1).  
To determine if the observed shift in age distribution could result from increased adult mortality 
due to Bd, we constructing a second matrix with zero post-breeding adult survival, leaving other 
vital rates unchanged (Table S2).  Finally, given the higher proportion of young individuals in 
Bd-infected populations, we incrementally adjusted sub-adult transition rates until the predicted 
stable age distribution approximated the observed age distribution (Table S3).   
The next component of the modeling involved simulating population abundance over a 
100 year period and 1000 iterations to examine the potential effects of age structure truncation 
and earlier maturity on population capacity to tolerate recruitment failure.  The starting 
population size was 2000 individuals and the population ceiling was 4000.  This resulted in an 
adult population size similar to that observed in extant populations.  The first two scenarios 
represented Bd-free populations and were based on the matrix given in Table S1.  The first 
model was deterministic.  The second model incorporated periodic recruitment failure.  
Probability of recruitment failure was 0.125 and was based on observations of premature pond 
drying in the study region over the period 1996-2013.  The next two scenarios represented Bd-
infected populations and were based on the matrix given in Table S3.  Again, the third model 
was deterministic, while recruitment failure was incorporated into the fourth model as described 
above.  Finally, the last two scenarios evaluated whether increased tadpole to sub-adult survival 
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resulted in greater tolerance of recruitment failure (Table S4).  Increased recruitment has been 
reported in chytridiomycosis-challenged amphibian species (30) and relatively low adult 
densities in Bd-infected L. v. alpina populations may reduce density-dependent competition.  
We incrementally adjusted tadpole transition rates until population size stabilized at 
approximately the starting size in the deterministic model (Table S4).  Recruitment failure was 
then integrated as described above.  While the rate of tadpole to sub-adult survival is unknown, 
based on the population projections and field observations, we suggest that it likely falls 
somewhere between the two values used in our simulations.  These simulations are intended to 
examine generalized effects of age structure truncation with and without drought effects in L. v. 
alpina, and are not intended to predict specific population dynamics.   
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Supporting information 
 
Figure S1. Proportion of males in each age cohort for each population.  The number of individuals 
sampled in each population is given at the top of each bar.  
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Figure S2. Proportion of adult female L. v. alpina in each age cohort observed in non-diseased and 
diseased populations.  
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Table S1. Population matrix with a stable age distribution that approximated the observed Bd-free age 
structure.   
 Tadpole Sub-adult B1 B2 B3 B4 B5+ 
Tadpole 0 0 17.5 17.5 17.5 17.5 17.5 
Sub-adult 0.048 0.4 0 0 0 0 0 
B1 0 0.004 0 0 0 0 0 
B2 0 0.28 0.62 0 0 0 0 
B3 0 0.11 0 0.62 0 0 0 
B4 0 0 0 0 0.62 0 0 
B5+ 0 0 0 0 0 0.4 0.14 
 
Table S2. Matrix from Table S1 modified to incorporate complete post-breeding adult mortality.   
 Tadpole Sub-adult B1 B2 B3 B4 B5+ 
Tadpole 0 0 17.5 17.5 17.5 17.5 17.5 
Sub-adult 0.048 0.4 0 0 0 0 0 
B1 0 0.005 0 0 0 0 0 
B2 0 0.28 0 0 0 0 0 
B3 0 0.11 0 0 0 0 0 
B4 0 0 0 0 0 0 0 
B5+ 0 0 0 0 0 0 0 
 
Table S3. Population matrix with a stable age distribution that approximated the observed Bd-infected age 
structure.   
 Tadpole Sub-adult B1 B2 B3 B4 B5+ 
Tadpole 0 0 17.5 17.5 17.5 17.5 17.5 
Sub-adult 0.048 0.4 0 0 0 0 0 
B1 0 0.015 0 0 0 0 0 
B2 0 0.28 0 0 0 0 0 
B3 0 0.006 0 0 0 0 0 
B4 0 0 0 0 0 0 0 
B5+ 0 0 0 0 0 0 0 
 
Table S4. Matrix from Table S3 modified to incorporate increased tadpole to sub-adult survival.   
 Tadpole Sub-adult B1 B2 B3 B4 B5+ 
Tadpole 0 0 27 27 27 27 27 
Sub-adult 0.074 0.4 0 0 0 0 0 
B1 0 0.015 0 0 0 0 0 
B2 0 0.28 0 0 0 0 0 
B3 0 0.006 0 0 0 0 0 
B4 0 0 0 0 0 0 0 
B5+ 0 0 0 0 0 0 0 
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Table S5.  Population locations and sample sizes. 
Population Bd status Location Elevation Year(s) 
sampled  
Sample size 
Dinner Plain Present 37°01'06'' S 
147°14'23'' E 
1575 2011 Male = 35 
Female = 3 
Eucumbene Present 36°08'59'' S 
148°33'53'' E 
1454 2011/2012 Male = 52 
Female = 11 
Kiandra Present 35°51'39'' S 
148°29'45'' E 
1364 2011/2012 Male = 51 
Female = 6 
Ogilives Present 36°02'08'' S 
148°19'22'' E 
1310 2011 Male = 34 
Female = 2 
Sponars Present 36°21'29'' S 
148°29'14'' E 
1511 1996/1997/2011 Male = 72 
Female = 14 
Three Mile Present 35°53'28'' S 
148°26'59'' E 
1471 2011/2012 Male = 65 
Female = 1 
Thredbo 
Diggings 
Present 36°26'50'' S 
148°26'10'' E 
1160 1996/1997 Male = 32 
Female = 19 
Bullfight Absent 37°26'20'' S 
145°55'40'' E 
1325 2011 Male = 44 
Female = 0 
Grey Mare Absent 36°18'58'' S 
148°15'38'' E 
1525 2011 Male = 42 
Female = 6 
Smiggins 
Holes 
Absent 36°23'40'' S 
148°25'43'' E 
1660 1969 Male = 30 
Female = 0 
Echo Flat Absent 37°29'13'' S 
145°52'50'' E 
1399 1970 Male = 20 
Female = 6 
Dargo High 
Plains 
Absent 37°07'28'' S 
147°10'51'' E 
1530 1974 Male = 28 
Female = 3 
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Paper VI: Interventions for reducing extinction risk 
in chytridiomycosis-threatened amphibians 
 
While Batrachochytrium dendrobatidis (Bd) is recognised as a key threat to amphibian 
biodiversity, there is currently limited literature to guide the mitigation of this threat.  In this 
paper, I outline management strategies for amphibian species endangered by chytridiomycosis.  
I synthesize the peer-reviewed Bd-amphibian literature and draw together the key findings of 
my empirical research to develop a framework to guide management.  The development of the 
management actions presented in this paper was influenced by insights generated during my 
empirical research.  However, as Paper VI was accepted for publication prior to the empirical 
papers, it does not directly cite this research.   
 
 
 
 
 
 
 
 
 
 
 
Scheele, B. C., Hunter, D. A., Grogan, L., Berger, L., Kolby, J., McFadden, M., Marantelli G., Skerratt, 
L. F. & Driscoll, D. A. (2014). Interventions for reducing extinction risk in chytridiomycosis-threatened 
amphibians. Conservation Biology 28:1195–1205. 
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Abstract 
Wildlife diseases pose an increasing threat to biodiversity and are a major management 
challenge. A striking example of this threat is the emergence of chytridiomycosis. Despite 
diagnosis of chytridiomycosis as an important driver of global amphibian declines 15 years ago, 
researchers have yet to devise effective large scale management responses other than biosecurity 
measures to mitigate disease spread and the establishment of disease-free captive assurance 
colonies prior to or during disease outbreaks. We examined the development of management 
actions that can be implemented after an epidemic in surviving populations. We developed a 
conceptual framework with clear interventions to guide experimental management and applied 
research so that further extinctions of amphibian species threatened by chytridiomycosis might 
be prevented. Within our framework, there are 2 management approaches: reducing 
Batrachochytrium dendrobatidis (the fungus that causes chytridiomycosis) in the environment 
or on amphibians and increasing the capacity of populations to persist despite increased 
mortality from disease. The latter approach emphasizes that mitigation does not necessarily 
need to focus on reducing disease-associated mortality. We propose promising management 
actions that can be implemented and tested based on current knowledge and that include habitat 
manipulation, antifungal treatments, animal translocation, bioaugmentation, head starting, and 
selection for resistance. Case studies where these strategies are being implemented will 
demonstrate their potential to save critically endangered species. 
 
Key words: 
amphibian decline, Batrachochytrium dendrobatidis, chytrid, disease management, emerging 
infectious disease, frog, wildlife management 
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Introduction 
In a globalizing world, emerging infectious diseases are a growing threat to biodiversity 
(Daszak et al. 2000; Fisher et al. 2012) and can have a rapid and widespread impact on wildlife, 
driving species to extinction (Berger et al. 1998; Joseph et al. 2013). Despite the rise of disease 
as a key conservation challenge, the management of wildlife diseases affecting biodiversity, 
especially nonmammals, remains in its infancy (Joseph et al. 2013).  
Chytridiomycosis, caused by the pathogenic skin fungus Batrachochytrium 
dendrobatidis (Bd), has devastated amphibian communities globally and is considered the worst 
recorded wildlife disease (Berger et al. 1998; Skerratt et al. 2007). Infection with Bd has been 
detected in 516 of 1240 (42%) amphibian species sampled (Olson et al. 2013), and a 
conservative estimate suggests that chytridiomycosis has caused the severe decline or extinction 
of over 200 species (Skerratt et al. 2007). Amphibians are a functionally important group, and 
their loss is likely to have major ramifications throughout ecosystems (Whiles et al. 2006). 
Although experimental management strategies are underway (Woodhams et al. 2011), 
there are few studies on the in situ management of species threatened by chytridiomycosis 
(Zippel et al. 2011; Joseph et al. 2013). To date, amphibian disease management has generally 
targeted mitigating disease spread and securing captive assurance colonies rather than restoring 
populations after an epidemic. Existing literature is largely directed toward policy makers, 
regional managers, and researchers rather than on-the-ground wildlife managers (see Australian 
Government Department of the Environment and Heritage 2006; Mendelson et al. 2006; 
Woodhams et al. 2011). We devised a framework to guide management that includes 
experimental strategies that directly target reduction of chytridiomycosis in host populations and 
outline strategies to improve population buffering capacity against disease-induced mortality, 
which is only briefly covered in previous disease management recommendations (Australian 
Government Department of the Environment and Heritage 2006; Woodhams et al. 2011). We 
summarize new and updated strategies aimed at mitigating the impact of chytridiomycosis to 
assist wildlife managers to select interventions.  
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Although populations of some species that declined have recovered (Newell et al. 
2013), other species remain at low abundance or continue to decline and face increased risk of 
extinction (Hunter et al. 2010; Vredenburg et al. 2010). One of the main reasons for this 
elevated extinction risk is on-going mortality and restricted recruitment caused by endemic 
chytridiomycosis (Murray et al. 2009; Muths et al. 2011; Phillott et al. 2013). In addition, many 
remnant populations have limited connectivity, occur in suboptimal habitat, and are likely to 
have increased vulnerability to stochastic events and other threatening processes (Murray et al. 
2009; Puschendorf et al. 2011). 
A huge research effort over the last decade has resulted in Bd becoming one of the most 
studied wildlife pathogens. The ecology and pathogenesis of chytridiomycosis is relatively well 
understood, Bd distribution has been mapped and modeled, high-risk species have been 
identified, biosecurity protocols have been implemented, captive assurance colonies have been 
established, and antifungal treatments and disinfectants (including chemical, physical, and 
biological treatments) have been developed for implementation in controlled environments (e.g., 
Murray et al. 2011; Woodhams et al. 2011). However, a major gap remains in translating 
research into postepidemic, in situ management actions. It is crucial that we overcome a fear of 
in-field interventions and use existing knowledge to test novel solutions such as those suggested 
in Table 1 (Berger & Skerratt 2012). 
Here we propose a new framework to provide greater clarity for setting conservation 
objectives and to highlight approaches to practical management of species threatened by 
chytridiomycosis. In the framework, management strategies are grouped into 2 broad 
approaches and within each approach, we classified management strategies into 3 action classes 
based on whether strategies are implemented in situ, involve amphibian introductions, or are ex 
situ. We then provide a scientific underpinning for novel management strategies that hold 
considerable promise, including habitat manipulation, in situ antifungal treatment, animal 
translocations, bioaugmentation, head starting, and ex situ selection for resistance. We 
considered examples where researchers are implementing these strategies in conjunction with 
conservation agencies. Given the limited application of interventions to date, we hope that 
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showcasing techniques currently being tested will inform and stimulate the development and 
implementation of conservation strategies for Bd-threatened species. 
 
Time frames defining the scope of management objectives 
A key challenge to managing species affected by chytridiomycosis is the difficulty of 
developing long-term solutions. Thus, we divided this challenge into 2 separate goals based on 
time frames: the short-term goal of establishing robust holding populations of Bd-threatened 
species in response to immediate threats in the wild (Table 1) and the long-term goal of 
establishing self-sustaining wild populations. Because these goals operate on different time 
frames, they often require different approaches and techniques. Intensive and expensive options 
are acceptable as short-term emergency measures, whereas long-term sustainable measures need 
to be more cost effective and take into account that species may remain reliant on conservation 
management, to various degrees, into the future. 
We focused on developing actions that can be implemented immediately to achieve the 
first goal of securing populations that have experienced major declines. Predicting and 
mitigating disease spread and determining “trigger points” for intervening when 
chytridiomycosis does spread have been addressed elsewhere (DPIPWE 2010; Murray et al. 
2011; Berger & Skerratt 2012). It is important that robust holding populations of 
chytridiomycosis-threatened species are secured both in captivity and in the wild to facilitate the 
establishment of self-sustaining wild populations. Although long-term solutions remain elusive, 
achieving short-term goals will provide a platform for research into long-term goals such as 
natural or assisted evolution of resistance and behavioural modification (e.g., Richards-Zawacki 
2010; Savage & Zamudio 2011; Venesky et al. 2012). 
 
Managing Bd-threatened species 
Our conceptual framework (Table 1) provides a summary of different management 
options to help managers identify appropriate conservation actions. We identified 2 
management approaches: reducing Bd in the environment or on the host and increasing 
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population buffering capacity against Bd-induced mortality, emphasizing that intervention need 
not focus directly on reducing disease. Within these 2 approaches, there are 3 action classes: 
environmental manipulation, amphibian introductions, and ex situ conservation (Table 1). Thus 
far, the management of Bd-threatened species has focused on establishment of ex situ captive 
colonies (Mendelson et al. 2006; Zippel et al. 2011). This is a critical first stage and the only 
option for some species. However, where possible we propose that this should be combined 
with techniques to maintain species in situ to reduce costs, avoid negative consequences 
associated with captive breeding (e.g., reduced fitness Araki et al. 2007), and facilitate the 
natural evolution of host resistance. This is where environmental manipulation and 
introductions can contribute. 
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Table 1. A framework for action to maintain populations of amphibians threatened by Batrachochytrium 
dendrobatidis (Bd) when the short-term goal is to secure these populations in captivity and in the wild. 
 
Action classes Reduce Bd in the environment or on hosts Increase population buffering capacity 
Environmental 
manipulation 
Manipulate habitat (shallow warm water 
for tadpoles, decrease shading to create 
open basking sites for adults and 
metamorphs) 
Artificial heat sources (all life stages) 
Exclude Bd reservoir host species 
(Woodhams et al. 2011; McCallum 
2012) 
Introduce Bd inhibitors (salts, fungicides) 
(Woodhams et al. 2011; Stockwell et al. 
2012) 
Bioaugmentation with commensal 
bacteria (Muletz et al. 2012; Bletz et al. 
2013) 
Alter water flow or pond drying regime 
Minimize human impacts (e.g., hunting, 
collection, habitat degradation) 
Manage other threatening processes 
(e.g., invasive species, sympatric 
competition, predation) 
Prevent introductions and reduce 
impacts of other diseases (e.g., 
Ranaviruses) 
Modify habitat to minimize mortality 
from climatic extremes (Shoo et al. 
2011) 
Amphibian 
introductions 
Identify environmental refugia where Bd 
is absent (mountain tops, small islands) 
or refugia where environmental 
suitability for Bd is low (lower 
elevation, drier habitat) and translocate 
Avoid recipient sites with Bd reservoir 
host species 
Identify life stages where Bd is 
threatening population viability and 
temporarily bring individuals into 
captivity to clear infection and return to 
the wild (chemical or heat treatment) 
Head start wild or captive bred progeny 
to minimize natural mortality from 
predators, competition, and 
insufficient hydroperiod length 
Population augmentation from captive 
bred progeny 
Create new habitat with a high buffering 
capacity against climate variability 
and other species-specific threats and 
translocate 
 
Ex situ 
conservation 
Treatments to clear Bd infection (e.g. 
chemical and physical treatments) 
(Woodhams et al. 2011; Baitchman & 
Pessier 2013) 
Selection for resistance or other traits in 
captive colonies 
Establish ex situ populations in 
biosecure facilities (Mendelson et al. 
2006; Zippel et al. 2011) 
Biobanking of genetic resources (Kouba 
et al. 2013) 
 
Environmental manipulation 
Manipulation to reduce Bd 
In remnant populations of Bd-threatened species, environmental manipulation can be 
implemented to decrease infection rates and burdens and hence improve host survival. 
Environmental manipulation is an in situ method that has been successfully used to combat 
wildlife diseases and can be implemented across a wide range of scales (Wobeser 2007). For 
example, decreased shading and improved drainage of nesting sites minimized avian cholera, 
and creating artificial watering points lowered harmful trematode infections in moose (Alces 
alces) (Wobeser 2002). Environmental and biological factors can exert a strong influence on 
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infectious diseases; therefore, manipulating environmental conditions can influence disease 
development (Wobeser 2007). The thermal preference of Bd is relatively well understood; 
optimal growth is from 17 to 25 °C (Piotrowski et al. 2004; Stevenson et al. 2013). On either 
side of this range (5–17 °C and 25–28 °C) growth is slow. Above 30 °C Bd dies (Piotrowski et 
al. 2004), and mortality is rapid at higher temperatures (4 h at 37 °C) (Johnson et al. 2003). The 
fungus is not tolerant of desiccation and is killed within 1 h of drying (Johnson et al. 2003). 
Field studies and models are consistent with these results and suggest that factors affecting Bd 
growth (particularly temperatures above 25 °C during the month prior to sampling) are key 
limiting factors for chytridiomycosis dynamics (Richards-Zawacki 2010; Murray et al. 2013; 
Rowley & Alford 2013). Furthermore, high climatic variability, especially unusually low 
temperatures, increases the impact of chytridiomycosis (Rohr et al. 2013). 
Warm water (>30 °C) provides an important refuge from Bd for aquatic amphibians 
(Forrest & Schlaepfer 2011; Savage et al. 2011). Because overhanging vegetation lowers the 
water temperature of amphibian breeding ponds (Freidenburg & Skelly 2004), the strategic 
removal of patches of vegetation, particularly over shallow, nearshore locations is likely to 
create warm water refuges for infected individuals (Geiger et al. 2011). Field evidence suggests 
that decreased shading of ponds is linked to lower Bd infection intensities (Raffel et al. 2010; 
Heard et al. 2014). Water temperature may also be increased through the creation of nearshore, 
shallow water areas that warm up rapidly or by changing substrate color or texture. For 
example, Bufo americanus tadpoles can aggregate in shallow pockets of warm water adjacent to 
scrap sheet metal in breeding ponds (Beiswenger 1977).  
Environmental manipulation may also be used to increase temperature in terrestrial 
habitats. Many riverine species bask to raise body temperature, and increasing the amount of 
solar radiation reaching basking sites through vegetation removal could clear or reduce infection 
(Fig. 1). Puschendorf et al. (2011) hypothesized that for the highly susceptible species Litoria 
lorica short-term exposure to warm rock temperatures along a sunny stream section may be 
facilitating population persistence with endemic Bd. This is supported by a follow-up study 
showing that exposing Bd cultures to 33 °C for just 1 h significantly reduced fungal growth 
(Daskin et al. 2011). In situations where habitat modification is not possible, artificial heat 
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sources on land or in water could provide refuges for infected individuals to reduce or clear 
infection. This strategy has been suggested for protecting bat populations in North America 
threatened by white nose syndrome (Boyles & Willis 2010). Artificial heat sources provide 
opportunities for individuals to maintain preferred body temperatures, which are often higher 
than ambient air temperatures, and are likely to be particularly effective for species that display 
behavioral fever (Richards-Zawacki 2010; Murphy et al. 2011). 
Developing chemical treatments for environmental application is an area of important 
research; salt and several agricultural products clear or reduce Bd infections under laboratory 
conditions (Hanlon et al. 2012; Stockwell et al. 2012; McMahon et al. 2013). For example, 
thiophanate-methyl, a widely used, broad-spectrum fungicide, cleared infection in tadpoles 
when applied 6 d after experimental inoculation, but tadpoles grew larger than controls, 
suggesting side effects may occur (Hanlon et al. 2012). Similarly, the addition of salt to pond 
environments is a promising strategy for inhibiting Bd growth; however, it may also have 
negative effects (Woodhams et al. 2011; Stockwell et al. 2012; Heard et al. 2014). Recently, 
Geiger and Schmidt (2013) used General Tonic (acriflavin/methylene blue) to reduce Bd in 
captivity, and further research is underway to evaluate the effectiveness of pond applications. 
Therefore, although use of chemicals in natural habitats holds promise, it is important to 
determine concentrations and rates of application and assess potential negative side effects.  
Bioaugmentation could help maintain threatened populations and facilitate successful 
reintroductions (Woodhams et al. 2011; Joseph et al. 2013). Bioaugmentation involves 
inoculating amphibian hosts or habitats with microbes that produce metabolites that inhibit Bd 
growth and survival (reviewed in Bletz et al. 2013). Locally occurring microbes are most 
appropriate and Bletz et al. (2013) provide methods to identify microbes that both inhibit Bd 
and persist on target hosts. Because soil provides an important reservoir for beneficial microbes 
(Loudon et al. 2013) that can be transmitted to amphibians (Muletz et al. 2012), environmental 
application appears feasible. As with other interventions, research to improve understanding is 
needed while field applications are concurrently assessed. 
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Manipulation to increase population buffering capacity 
An alternative approach to directly reducing Bd pressure in disease-threatened 
amphibian populations is to minimize other sources of mortality. Amphibian populations can 
tolerate adult mortality from Bd when recruitment is sufficiently high (Muths et al. 2011; Tobler 
et al. 2012; Phillott et al. 2013). Habitat loss and degradation are key threatening processes for 
many amphibian species (Stuart et al. 2004), and it is crucial to protect habitat for species 
threatened by chytridiomycosis. Introduced species can also increase juvenile and adult 
mortality, and their exclusion can increase population size (e.g., Vredenburg 2004). However, 
increased population densities following the removal of introduced species will theoretically 
increase Bd transmission, and this risk should be considered against potential benefits (Briggs et 
al. 2010). Finally, in many amphibian populations climatic extremes are a major source of 
mortality (Shoo et al. 2011). To minimize drought-induced recruitment failure, amphibian 
breeding habitats can be manipulated to increase hydroperiod, and adult mortality can be 
reduced through the creation of moist refuges (see Shoo et al. 2011). When manipulating 
habitat, it is important to consider the relative effects of different sources of mortality because 
there may be trade-offs between improved survivorship and improved habitat for Bd (Murray et 
al. 2011).  
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Figure 1. (a) The critically endangered Litoria spenceri is restricted to a single stream (stream 1) in 
Kosciuszko National Park, Australia, and is threatened by endemic chytridiomycosis. (b) Recipient 
stream (stream 2) in the park identified through broad-scale surveys where captive breed L. spenceri will 
be introduced. (c) Temperature profiles for representative L. spenceri basking sites from streams 1 and 2. 
Overhanging vegetation was pruned from half the locations on stream 1 at the end of January. 
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Amphibian introductions 
Introductions to environments unfavorable for Bd 
When Bd cannot be controlled in situ, translocations can be used to move animals to 
environments unfavorable to Bd growth or to Bd-free locations. Animal translocation can 
mitigate infectious disease in mammals (Wobeser 2002), but remains untested for combating 
chytridiomycosis. We propose the translocation of animals into environmental refugia within or 
near their former range. Refugia must have suitable characteristics (Hoegh-Guldberg et al. 
2008) and either occur within the physiological stress limits of the target species or be 
manipulated to remain within those limits. Refugia can be identified through a combination of 
Bd field sampling and distribution modeling (Puschendorf et al. 2009; Puschendorf et al. 2013). 
In general, refugia are most likely to occur at lower elevations where environmental 
temperatures exceed the optimum for Bd growth, or in drier areas. However, other factors, such 
as the absence of disease reservoir species, may be equally important in some circumstances 
(Joseph et al. 2013). The effectiveness of amphibian introductions to new areas is being 
evaluated in Kosciuszko National Park, Australia, where the critically endangered Litoria 
spenceri is restricted to a single stream (Fig. 1a) and is threatened by endemic chytridiomycosis. 
A captive breeding colony has been established and will provide off-spring for reintroduction at 
the source site following canopy reduction as well as experimental introduction to a second 
stream (Fig. 1b) that has naturally low canopy cover, a warm microclimate (Fig. 1c), and no 
reservoir hosts or introduced predatory fish. 
Although translocations have considerable promise, they can have unintended 
consequences, and potential benefits and risks require careful evaluation (see McLachlan et al. 
2007; Hoegh-Guldberg et al. 2008). Importantly, it is crucial to follow biosecurity protocols to 
mitigate the risk of disease spread and subsequent outbreaks (Australian Government 
Department of the Environment and Heritage 2006; Zippel et al. 2011). 
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Introductions to increase population buffering capacity 
It may be possible to counteract the population impacts of increased mortality caused by 
Bd by adding captive bred individuals to wild populations. Two strategies that build on 
traditional reintroduction approaches are head starting and population augmentation (Fig. 2). 
Head starting involves raising wild harvested individuals, typically eggs or tadpoles, to an 
optimal age for release and thus enabling survival through periods of naturally high mortality 
(e.g., due to predation) or high Bd-induced mortality or Bd exposure. To devise effective head 
starting strategies for each species, it is crucial to know which life history stage has highest 
exposure to Bd or undergoes mortality from chytridiomycosis. For example, in upland rainforest 
streams in Central America chytridiomycosis causes much higher mortality in metamorphizing 
individuals than in adults (Kolby et al. 2010). The Honduras Amphibian Rescue and 
Conservation Center (HARCC) is working to address this concern and replenish the population 
of adult reproductive frogs. To enhance survival, late development stage tadpoles will be 
brought into captivity, treated for and cleared of infection, and maintained at the biosecure 
HARCC facility through metamorphosis (Figs. 2a & 2b). These frogs will be raised in captivity 
past their most Bd-vulnerable life phase and then released as young adults at their capture site. 
Head starting has an important benefit over ex situ breeding programs: individuals for 
reintroduction can be produced quickly, which removes the challenges and failures associated 
with captive breeding in species with diverse reproductive and husbandry requirements. 
Therefore, in systems where Bd is endemic but adults continue to produce offspring, head 
starting eggs or tadpoles could contribute to population survival within their natural habitat.  
When recipient sites are unavailable and habitat manipulation is not possible, creating 
new habitat for translocated animals is likely to be useful. Human-created ponds already provide 
important refuges for chytridiomycosis threatened amphibians (Heard et al. 2014). Benefits of 
habitat creation include a high level of control of environmental conditions and avoidance of 
impacts on natural habitat for nontarget species. A variety of habitats should be created 
(Lesbarreres et al. 2010) that include warm environments where individuals can reduce or clear 
Bd infection. Created habitat should be designed to minimize the impacts of other threats such 
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as fish predation or drought-induced recruitment failure (Shoo et al. 2011) because increased 
recruitment may compensate for chytridiomycosis-induced mortality (cf. Muths et al. 2011). 
 
Ex Situ Conservation 
Selection for resistance 
For species relying on captive colonies to survive, maintaining the genetic diversity of 
founding individuals through generations in captivity is important because this diversity cannot 
be regained. However, selecting for increased disease resistance could facilitate population 
persistence with Bd infection and thus lead to sustainable populations (see Venesky et al. 2012; 
Venesky et al. 2013 for discussion on selection for increased disease resistance and tolerance). 
A population of Mixophyes fleayi recovered naturally due to increased adult longevity, which 
suggests that in this species disease resistance was evolving (Newell et al. 2013). Direct 
selection for disease resistance in captivity involves exposing frogs to Bd and breeding from 
survivors or from those that survive for longer—these can be treated with antifungals to avoid 
mortality (Venesky et al. 2012). Alternatively genetic markers for disease resistance (Savage & 
Zamudio 2011) might be used to identify resistant individuals for breeding. In addition, 
breeding stock should be updated with potentially resistant individuals currently surviving in the 
wild under natural selection. Similarly, selection for increased reproductive capacity may enable 
some populations to persist by offsetting chytridiomycosis-induced adult mortality (Muths et al. 
2011; Phillott et al. 2013). Selection pressure should be moderate to avoid inbreeding 
depression for other traits by occasional outbreeding with less resistant or reproductive 
individuals (Frankham et al. 2011). Finally, in all ex situ operations it is important to develop 
treatments to clear Bd infection for use in emergency situations in the case of a breach in 
biosecurity and an outbreak of chytridiomycosis in the captive colony. 
 
153 
 
 
Figure 2. (a) Plectrohyla dasypus, a critically endangered species that will be collected, treated for 
Batrachochytrium dendrobatidis infection, and released as part of the Honduras Amphibian Rescue and 
Conservation Center (HARCC) program. (b) An amphibian room at Lancetilla Botanical Gardens, 
Honduras, where Batrachochytrium dendrobatidis-free amphibians in the HARCC program will be head 
started and raised for future reintroduction into Cusuco National Park, Honduras. (c) Artificial ponds in 
natural breeding habitat in Kosciuszko National Park, Australia, where captive and wild bred eggs from 
the critically endangered Pseudophryne corroboree have been placed to prevent contact with co-
occurring reservoir hosts and eliminate mortality from premature pond drying. (d) A recently 
metamorphosed P. corroboree emerging from one of the artificial ponds in (c). 
 
Chemical and heat treatment 
Antifungal compounds and heat treatment can be used to reduce or clear Bd infection 
(Woodhams et al. 2011). Itraconazole is the most commonly used chemical treatment and can 
clear infection in a range of species (Baitchman & Pessier 2013). Voriconazole (Martel et al. 
2011), chloramphenicol (Young et al. 2012), and terbinafine hydrochloride (Bowerman et al. 
2010) can also clear infection in various species, providing alternatives to itraconazole. Species-
specific optimization is needed for chemical treatments because itraconazole use has been 
associated with toxicity in tadpoles and adults (Baitchman & Pessier 2013) and may lead to 
increased infection rates after subsequent Bd exposure (Cashins et al. 2013). Heat treatment 
offers an inexpensive alternative to chemical treatments (Chatfield & Richards-Zawacki 2011). 
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Exposure to temperatures from 27 to 37 °C has cleared infection in a variety of species (Geiger 
et al. 2011; Woodhams et al. 2011; Baitchman & Pessier 2013), although it was ineffective in 
other species (Woodhams et al. 2012). Chemical and heat treatments should be trialed on a 
small number of individuals to confirm effectiveness and safety for each species. Baitchman and 
Pessier (2013) provide a detailed review, including dosage rates and exposure times, for 
chemical and heat treatments. In populations with predictable seasonal die-offs, we suggest 
collecting and holding amphibians for short course treatment during times of peak burdens to 
improve survival. Although reducing burdens may increase survival during die-offs, failure to 
clear infection enables the development of drug resistance by pathogens. 
 
Choosing a strategy 
Assessing which management strategies are most suitable for a given species depends 
on a detailed understanding of Bd dynamics and species ecology. Interventions against Bd 
should target amphibian life history stages most affected by disease or at high risk of Bd 
exposure. Ecological surveys are needed to identify outbreaks, ongoing declines, and prioritize 
high-risk populations (Skerratt et al. 2008; Murray et al. 2011). We provide an example 
illustrating how a multifaceted response can be developed to target specific life history stages 
from the 2 management approaches and 3 action classes (Table 1, Fig. 3). For most species, a 
variety of approaches implemented at different spatial scales will be necessary, such as head 
starting at sites where the environment has been manipulated to decrease Bd suitability (Fig. 3). 
Given the lack of proven effective strategies, all interventions should be implemented within an 
experimental framework. To optimize progress, research aimed at understanding the 
mechanisms underlying interventions should occur concurrently with their application. 
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Figure 3. Proposed timeline for management actions for Pseudophryne corroboree populations in Kosciuszko National Park, Australia. Management actions need to be aligned with 
seasonal fluctuations in climatic suitability for Batrachochytrium dendrobatidis growth (a and b) and the target species’ life history (c). 
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Conclusion 
Preserving habitat is not enough to mitigate the effects of novel diseases, which require 
direct intervention to protect species. More amphibian extinctions are expected in the next 
decade (Bletz et al. 2013); thus, the consequences of not acting are likely to be more severe than 
conducting experimental management, such as translocations into natural or created refugia. We 
suggest testing relatively simple, locally adapted strategies rather than waiting for the invention 
of a broadly applicable solution to chytridiomycosis.  
Developing strategies to secure chytridiomycosis-threatened species is an achievable 
challenge and will enable the longer-term goal of species recovery. Managers and conservation 
biologists in government, universities, zoos, and conservation groups must collaborate closely 
to identify and undertake research focused on achieving this objective (Mendelson et al. 2006). 
Coordination of ex situ responses under the Amphibian Ark umbrella provides a promising 
example of collaboration (Zippel et al. 2011). We hope managers and researchers investigate the 
ideas presented here and develop other complementary strategies. It is imperative that we act 
now using existing knowledge to establish in situ and ex situ populations of Bd-threatened 
amphibian species. Failure to do so will only increase the number of amphibian extinctions 
caused by chytridiomycosis. 
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Appendix 1: Identifying core habitat before it’s too 
late: the case of Bombina variegata, an 
internationally endangered amphibian 
 
This thesis has focused on the conservation of amphibians threatened by chytridiomycosis.  
Globally, land-use change is also a major threat to many amphibian species.  This appendix 
contains a paper that I wrote and published during my candidature that investigates the use of 
body condition as a proxy for habitat suitability in amphibians.  The focal species, Bombina 
variegata has experienced major declines associated with land-use change in many areas of 
Western Europe, but remains highly abundant in central Romania, where land-use change has 
been less pronounced.  Given impending land-use change in Romania, identifying areas with 
high quality habitat can help facilitate the conservation of this species.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Scheele, B. C., Boyd, C. E., Fischer, J., Fletcher, A. W., Hanspach, J. & Hartel, T. (2014). Identifying 
core habitat before it’s too late: the case of Bombina variegata, an internationally endangered amphibian. 
Biodiversity and Conservation 23:775-780.  
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Abstract 
Impending land-use change, including agricultural intensification, is increasingly 
threatening biodiversity in traditional rural landscapes. To ensure the persistence of species that 
are vulnerable to land-use change it is necessary to identify and protect high quality habitat 
before species start to decline. Given that many potentially vulnerable species are still 
widespread in traditional rural landscapes, it is difficult to identify particularly important 
locations for such species. Presence–absence data on a given species may have limited 
application in such cases. As an alternative to presence–absence data, we investigated the 
influence of environmental variables on the physiological body condition of Bombina variegata 
(yellow-bellied toad) in a traditional rural landscape in Transylvania, Romania. The species is 
internationally endangered but remains common throughout our study area. Based on body 
condition measurements of 550 toads from 60 ponds, we found that toads in forest ponds had 
significantly better body condition than those in pasture ponds, indicating that forest landscapes 
provided particularly high quality habitat. We suggest that measures such as body condition—in 
addition to distribution data—could have considerable application in identifying high quality 
habitat for other species that are still widespread in traditional landscapes, but have declined in 
modernised, but otherwise similar landscapes. 
 
Key words: 
amphibian decline, body condition, land-use change, traditional agriculture, yellow-bellied toad 
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Introduction 
Traditional rural landscapes occur around the world and commonly support high 
biodiversity, including many rare and endangered species (Plieninger and Bieling 2012). 
Increasingly, growing food demands (Benton et al. 2011) and local development aspirations 
(Mikulcak et al. 2013) are driving land-use change and infrastructural development in many of 
these landscapes, representing a substantial threat to biodiversity (Fischer et al. 2012; Dullinger 
et al. 2013). Given the sensitivity of many farmland species to land-use change, a key challenge 
is to identify core habitat and develop conservation strategies before species start to decline. A 
common approach to identifying important landscape elements for vulnerable species is to use 
occupancy or abundance data. However, such approaches may be limited in landscapes where 
target species remain ubiquitous because identifying true absence sites at relevant spatial scales 
is difficult. Furthermore, discerning the relative quality of occupied patches using abundance 
data is difficult because accurate counts are challenging to obtain for many species.  
In this note, we use an alternative method, namely the comparison of physiological 
body condition across environmental gradients, to investigate habitat quality. As a case study, 
we investigated a traditional rural landscape (Southern Transylvania, Romania), focusing on the 
yellow bellied toad, Bombina variegata (Fig. 1). B. variegata is an interesting target species 
because it is: (i) internationally endangered (European Union Habitats Directive Annex II and 
IV); (ii) largely dependent on small, ephemeral water bodies that are susceptible to desiccation 
(Barandun and Reyer 1997); and (iii) vulnerable to land-use change including land 
abandonment and land-use intensification (Canessa et al. 2013). We define suitable habitat as 
areas with biotic and abiotic conditions favourable to the ongoing perpetuation of B. variegata 
populations. However, we hypothesize that biotic conditions and resource availability are not 
evenly distributed across the study region, and that therefore, better body condition will be 
indicative of particularly high quality habitat (cf. Pope and Matthews 2002; Hinam and Clair 
2008; Janin et al. 2011).  
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Figure 1. (A) Bombina variegata occurs throughout the traditional rural landscapes of Southern 
Transylvania, Romania. (B) B. variegata from a pasture pond. (C) A sampled forest pond. 
 
Methods 
Our study area is hilly (altitude ca. 350–700 m), covers approximately 3,000 km2, and is 
used primarily for traditional livestock grazing, agriculture, and forestry (see Fischer et al. 2012 
for details). In contrast to Western Europe, where B. variegata has declined dramatically 
(Kuzmin et al. 2009), the species remains abundant and widespread throughout the region 
(Hartel and von Wehrden 2013).  
In May 2013, we resurveyed 168 ponds that were occupied by B. variegata in 2011-
2012 (Hartel and von Wehrden 2013). The spring of 2013 was unusually dry, and only 21.5 % 
of forest ponds and 5.5 % of pasture ponds that previously supported toads contained water. To 
increase sample size, we identified additional sites where the species was present, in both 
pastures and forests. In total, we sampled 60 ponds: 30 in open pastures and 30 in forests (ca. 50 
m from the forest edge in three cases and at >100 m in all other cases). Hartel (2008) had shown 
that individual toad movements are common up to distances of 200 m, but decrease sharply 
after 300 m. Therefore we ensured that all surveyed ponds were separated by >500 m. We 
measured snout-urostyle length ((SUL) dial calliper, 0.1 mm precision) and body mass 
(electronic balance, 0.1 mg) for 7–10 individuals at each pond. In total, we sampled 477 adult 
(females n = 168 and males n = 309) and 73 juvenile B. variegata. Sex was determined by the 
presence or absence of thumb pigmentation. Individuals without thumb pigmentation and an 
SUL<35 mm were classified as juveniles. We also recorded the following pond variables: 
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altitude (m), presence of aquatic invertebrate predators (Odonata and Coleoptera larvae), 
presence of pond vegetation, surrounding land cover (forest vs. pasture) and counted the number 
of B. variegata individuals at each pond. In general, surveyed ponds were small with simple 
vegetation structure, making it possible to count the number of individuals present at each pond 
at the time of sampling. 
A residual body condition index (hereafter BCI) was calculated following the 
methodology of Bancila et al. (2010), and the mean BCI value was computed for each pond 
(Fig. 2a). The relationship between body mass and SUL was curvilinear and both were log10 
transformed. We used an ANOVA to investigate whether females, males and juveniles differed 
in body condition.  
 
 
Figure 2. (A) Relationship between body mass and snout-urostyle length in B. variegata. The points 
above the fitted line are toads with above average body condition and those below, have below average 
body condition. (B) Effects of sex and life stage on body condition. 
 
To investigate whether differences in pond averaged BCI could be explained by 
environmental variables we applied linear modelling using the log-scaled pond level BCI as the 
response variable and relevant pond attributes as explanatory variables. In the ANOVA outlined 
above, juveniles had lower body condition than adults and therefore we included the proportion 
of juveniles in each pond as an explanatory variable. Scatterplots were used prior to data 
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analysis to assess potential collinearity between habitat variables. The model selection process 
involved non-automated backward selection which commenced with a full model (containing all 
explanatory variables) followed by the step-by-step deletion of non-significant variables 
(P>0.05) until only statistically significant variables remained. We used Pearson’s correlation 
coefficient to investigate whether the relative abundance of individuals at a pond was associated 
with pond averaged body condition. All analyses were completed using R 2.10.0 (R 
Development Core Team 2009). 
 
Results 
Females and males did not differ in body condition, but juveniles had significantly (P = 
0.00281) lower body condition (Fig. 2b). Land cover and the proportion of juveniles 
significantly predicted BCI, with higher BCI in ponds located in forested landscapes and 
reduced BCI in ponds that had a high proportion of juveniles (Table 1, Fig. 3). There was no 
correlation between the relative abundance of individuals at a pond and pond averaged body 
condition (Pearson’s correlation r = 0.08; not significant).  
 
 
Figure 3. Estimated body condition index means and standard errors for forest and pasture ponds. 
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Table 1. Linear regression model for pond averaged body condition.  The baseline of this model was 
“pasture landscape”. 
Term Estimate Standard error p-value 
Intercept -0.01343 0.01343 0.35332 
Forested landscape 0.06350 0.01894 0.00142 
Proportion juveniles -0.11147 0.05390 0.04316 
 
Discussion 
Landscape context was a significant predictor of body condition, with better body 
condition associated with toads from forested landscapes. This is in contrast to previous work 
from other regions that found B. variegata prefers open pasture ponds (e.g. Barandun and Reyer 
1997), however, within the study region B. variegata appears to readily use both pasture and 
forest ponds (Hartel et al. 2007, 2011). Ponds with a high proportion of juveniles were 
associated with lower pond averaged BCI. Juveniles may have reduced body condition because 
they have lower foraging efficiency and limited time to deposit energy reserves (Bancila et al. 
2010).  
Body condition can be influenced by short and long-term environmental stress (Janin et 
al. 2011). Better body condition in forest ponds may be related to higher resource availability, 
more humid micro-climatic conditions and greater water availability in forests than in pasture 
ponds. Despite the value of open pasture areas for the species (Barandun et al. 1997; Di Cerbo 
2001; Hartel and von Wehrden 2013), it appears that ponds in forested landscapes provide 
particularly high quality habitat, at least in times of drought. Notably, body condition in 
amphibians during early spring is linked to resource intake during the previous autumn (Pope 
and Matthews 2002; Sztatecsny and Schabetsberger 2005). This suggests our results may not be 
strongly influenced by the dry conditions at the time of sampling, and may also apply to other 
years. 
We found no correlation between pond averaged BCI and the relative abundance of B. 
variegata. This result may be explained by the propensity for toads to frequently move between 
ponds within the landscape separated by distances of up to 200 m (Hartel 2008). Therefore, the 
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relative abundance of toads in a pond at one point in time is unlikely to be associated with body 
condition. Instead, high body condition might reflect the quality of the broader landscape that 
makes up an individual’s home range, and resource intake during the preceding year (Sztatecsny 
and Schabetsberger 2005). 
Internationally endangered species, such as B. variegata, are still common in traditional 
rural landscapes—but not all locations where the species is present provide equally valuable 
habitat. Based on our data, we suggest that body condition could be a useful proxy to investigate 
habitat quality. This is supported by Janin et al. (2011) who demonstrated that reduced body 
condition in common toad populations was associated with decreased habitat suitability 
resulting from fragmentation. Similarly, Sztatecsny and Schabetsberger (2005) found that body 
condition of the common toad was related to resource availability. One limitation of using a 
residual body condition index is that it is difficult to compare effect sizes between different 
studies—something that is straightforward with absolute measures such as presence–absence 
data. We acknowledge that other variables (such as breeding success or lifetime reproductive 
output) could be even more useful than indices of body condition, but many demographic 
variables are logistically difficult to obtain. In combination with distribution information, 
measuring body condition therefore could be a useful tool to develop targeted conservation 
initiatives in regions where endangered species remain abundant. Acting to protect species 
before they are regionally endangered is most cost effective, and may provide the most realistic 
option to ensure the long-term persistence of biodiversity in traditional rural landscapes. 
In conclusion, we note that the general approach used here could be applicable to other 
species that are still widespread in traditional landscapes, but have declined in already 
modernised, otherwise similar landscapes. That is, where presence and abundance data on their 
own are of limited value (because a given species is ubiquitous), such data can be 
complemented by other, more sophisticated measures, such as body condition or reproductive 
success. Obtaining such data—in addition to distribution data—therefore should be a high 
priority for species that are still common in traditional landscapes but have declined elsewhere. 
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